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Abstract 
Abstract. 
Mass spectrometry and tandem mass spectrometry (MSIMS) has been employed to 
analyse peptides « 600 daltons), synthetic polymers of low molecular weight «10,000 
daltons) and a mixture of polymer additives (300-1200 daltons). Mass spectrometry 
experiments were performed on a four sector mass spectrometer, a tandem quadrupole 
mass spectrometer and a time-of-tlight instrument. High and low energy collision 
induced dissociation (eID) spectra were obtained by means of a four sector mass 
spectrometer and a tandem quadrupole instrument respectively. Surface induced 
dissociation (SID) spectra of peptides were obtained by means of a four sector mass 
spectrometer with a modified collision cell in the third field free region. 
Sequence data were generated by SID from protonated and cationated precursor ions 
of all four peptides analysed. Furthermore, broad metastable ion peaks were observed 
in the spectra, arising from fragmentation of precursor ions in the field free region 
between the electric sector and the magnetic sector of the second mass spectrometer. 
Field desorption was a good ionisation technique for the generation of molecular 
weight information from the polymer additives used. High energy eID was found to 
be more applicable than low energy eID to the structural determination of polymer 
additives as characteristic ions were observed in the spectra. Mechanisms have been 
proposed for the generation of some of the fragment ions observed. 
Ultraviolet-matrix assisted laser desorptionlionisation spectra of synthetic polymers of 
low molecular weight « 10,000 daltons) were used to calculate molecular weight 
averages. Furthermore, end group information was also obtained from eID spectra of 
the same polymer samples. 
End group and structural information was also obtained from polystyrene and a 
substituted polystyrene by means ofFD-MSIMS. 
XXXlV 
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CHAPTERl. 
INTRODUCTION. 
Chapter 1: InJroduction 
1.1. Introduction to Mass Spectrometry. 
The seminal work of J. J. Thomson [1] in 1913 on the analysis of positively charged 
species was followed by the development of mass spectrometry (MS) by physicists 
initially and later by chemists and biochemists. The mass spectrometer is most 
commonly employed to determine the relative molecular mass (RMM) of a sample. 
Furthermore, the elemental composition of the ana1yte may be established if the RMM: 
is sufficiently accurate. 
The mass spectrometer may be divided into four separate stages: sample 
introductionlionisation, mass analysis, ion detection and data system. The most 
commonly used ionisation technique is still electron impact (En, which was initially 
developed by Nier [2] in the 1940's, as a consequence of its high sensitivity and 
reproducibility. The generation of gas phase ions is a two stage process for liquid and 
solid samples by means of EI and chemical ionisation (CI) but may be reduced to a 
single step by employing desorptionlionisation techniques such as field desorption 
(FD), fast atom bombardment (F AB), liquid secondary ion mass spectrometry 
(LSIMS) and matrix assisted laser desorptionlionisation (MALOn or spray ionisation 
methods such as electro spray ionisation (ESI). The introduction and ionisation of 
samples for mass spectrometric analysis is further developed in Chapter 2. 
The type of mass spectrometer is characterised by the mass analyser. The five 
commonly used mass analysers are magnetic sectors, quadrupole mass filters, 
time-of-flight (TO F), fourier transform-ion cyclotron resonance (Ff -ICR) and ion 
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traps. The ion detection systems that are employed in mass spectrometers are typically 
based on electron multipliers, with the exception of Ff -ICR instruments. Chapter 3 
considers the mass analysis and detection of ions in a mass spectrometer. 
Mass spectrometry offers both high selectivity and sensitivity and the type of mass 
spectrometer employed is highly dependent on the application. Many samples, 
especially those which are biological by nature, are available only in picomole or 
femtomole quantities and require high sensitivity which is available from FT -ICR 
instruments. High selectivity may be accessed by using tandem mass spectrometry 
(MSIMS) which is introduced in Chapter 4. The four mass spectrometers used in the 
present work are described in Chapter 5. 
1.2. Introduction to Polymer Chemistry. 
I.l.(a) Polymeric Systems. Polymeric materials now playa very important role in 
modem life and in fact it would be difficult to imagine everyday existence without 
them. Many industries rely heavily on these materials. The chemical industry itself: 
which produces the vast quantities of synthetic polymers which are a large percentage 
of their output, is a very important part of Britain's economy. Polymeric materials are 
commonly employed in many areas including transport, clothing, building and 
packaging. The many forms of these products include viscous liquids, fibres, films, 
mouldings, composites, powders and granules. 
3 
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A polymer is a large molecule which is made up of smaller units called monomers and 
may be linear, slightly branched or a three dimensional network. Polymers composed 
of two or more different monomers are termed copolymers. Polymeric materials are 
also classified by their mechanism of formation. The step-wise generation of a polymer 
by a reaction between any two molecular species is termed step polymerisation. The 
formation of polymers by successive reaction of monomer units possessing a reactive 
end group, originally produced by reaction of monomer with an initiator, is called 
chain polymerisation. 
Chain-growth mechanisms include those of free radical polymerisation, ionic 
polymerisation (both cationic and anionic) and Ziegler-Natta catalysis. An example of 
free radical polymerisation is the generation of polystyrene (PS) whereas 
polypropylene (PP) may be produced by means of Ziegler-Natta catalysis [3]. Other 
polymers are formed by specialised mechani~ such as poly( methylmethacrylate) 
(PMMA) which is commonly generated by group transfer polymerisation [3]. 
Many of the common synthetic polymers such as polyolefins, poly( vinyl chloride), 
polystyrene and rubbers have been employed for more than half a century. The 
increase in sophistication and efficiency of their production has given a corresponding 
improvement in quality and reproducibility. Furthermore, health and safety regulations 
result in stringent control on the statutes for polymers as with many materials. The 
characterisation of polymeric materials is therefore essential in establishing the required 
specifications. The quality tests employed are often required to characterise 
completely the whole material that may be a blend of polymers which often also 
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contains additives. The level of characterisation required is partially determined by the 
application for the material. 
1.2. (b) Types of Polymer Additives. Several distinct components are present in a 
commercial polymer including unreacted catalyst, low molecular weight oligomersy 
intact monomer and polymer additives. Additives are added to a polymer to enable a 
formulation to retain its physical and chemical properties. 
The many types of polymer additives include fillers, reinforcers, pigments, flame 
retardents, lubricants, antistatic agentsy accelerators, thermal stabilisers, plasticisers, 
antioxidants and ultraviolet absorbers [4], some of which are considered below. 
1.2.(b)(i) Antioxidants. The free radical mechanism involving molecular oxygen (OJ 
for the autoxidation of polymeric materials is widely accepted [5,6], as shown in 
Scheme 1.1: 
--~. ROi 
Roi + RH --.. ~ ROOH + R-
Scheme 1.1, 
A Possible Path or Autoxidation or a Polymeric Material 
RH is a Polymer. 
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where R" represents the free radical formed by homolytic dissociation of a polymeric 
species, RH. The efficiency of an antioxidant is dependent on its ability to inhibit this 
cycle, as shown in Scheme 1.2: 
--~. ROi 
Roi + AlI --....... ROOH + Ae 
1 
stable products 
Scheme 1.2. 
The Inhibition of an Autoxidation Chain Reaction by an Antioxidant. 
AD is an Antioxidant. 
where A" is the non-propagating free radical formed from the inhibitor molecule AlI. 
The properties required in antioxidants include the molecule's having a labile hydrogen 
atom bound to a heteroatom and that the free radical, A", decomposes to give stable 
products. Two species which have these qualities are hindered phenols and aromatic 
amines. The free radical, A", is formed from phenols by the process shown in Scheme 
1.3: 
< > OH < ) O· 
Scheme 1.3. 
Formation of a Free IUdicallnhibitor from Phenol 
where the lability of the active proton can be increased by adding electron-repelling 
groups such as tert-butyl substituents to the aromatic ring. The radical species (AO) 
generated is also resonance stabilised as shown in Scheme 1.4: 
6 
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~. + R 
-----.. POOH + • R 
R R 
R • 
Scheme 1.4. 
Stabilisation of a Polymer (POO) by a Hindered Phenol Antioxidant. 
1.2.(b)(ii) Ultraviolet Absorbers. UV-induced degradation can cause discoloration 
and/or a reduction of the mechanical properties of a polymer and these effects can be 
less pronounced when a UV -absorber is introduced. Common UV -absorbers include 
ortho-hydroxybenzophenones and ortho-hydroxyphenylbenzotriazoles [4] which 
absorb radiation in the 300-400 run region of the electromagnetic spectrum and 
dissipate energy in a harmless manner via the material to be protected. 
The decomposition of linear polymers often starts with generation of a ketone or 
aldehyde group, as indicated in Scheme 1.5. The products can be detected by infrared 
spectroscopy (IR), electron spin spectroscopy or mass spectrometry [4]. 
7 
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H H 
I I 
+ H-C-C-O 
I 
H 
EquatioDs Showing the Effect of Ultraviolet Irradiation on Linear Polymers. 
The most commonly employed UV stabilisers are benzophenones and benzotriazoles 
which fonn chelates, enabling energy to be dissipated throughout the entirety of the 
molecule. The efficiency of the additive is related to the efficiency of the chelating 
H-bond. The chelation ofbenzotriazole is shown in Scheme 1.6. 
H-o 
o:~N~-b' :-... :-.... I ~ N -
Scheme 1.6. 
The Chelation of 2-(Hydroxyphenyl) Benzotriazole. 
1.3. Analysis of Polymers. 
1.3. ( a) Introduction. Accurate and thorough polymer characterisation is fundamental 
as the understanding of relationships between the molecular and bulk properties are 
essential in following the perfonnance of a polymeric material after preparation and in 
its working environment. The technique used for characterisation of the material 
depends on the level of information required. 
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The macroscopic properties of a polymeric material are typically detennined directly 
by techniques such as mechanical testing, rheology [7] and thermal analysis [8]. 
Thermal analysis [8], scattering techniques and microscopy [9] are often used to 
generate information about the microscopic properties of a polymer. The perfonnance 
of a polymeric material is also related to the nature of its surface. Techniques that are 
employed to analyse surface defects and imperfections include X -ray photoelectron 
spectroscopy (XPS) [10] and secondary ion mass spectrometry (SIMS) [11]. 
Knowledge of the average molecular weight of a polymer is very important as a 
variation in this mean value can affect the physical properties of the material. Two 
common measurements of the average molecular weight of a polymer are the 
number-average molecular weight, M.., and the weight-average molecular weight, ~ 
[12]. The number-average molecular weight is defined as: 
- ~n·M· M = ~ I I 
D l: ni (Equation 1.1) 
where the number of molecules of molecular weight ~ is denoted ~, the total weight 
of the sample is 1:1\~ and the total number of molecules in the sample is 1:1\. 
Osmometry, end group titrimetry and spectroscopy (typically nuclear magnetic 
resonance (NMR) spectroscopy) are the traditional methods of measuring the 
number-average molecular weight of a polymer. Low molecular weight impurities can 
distort the values yielded by these techniques. 
The weight-average molecular weight (M.) is defined as: 
9 
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(Equation 1.2.) 
and can be measured by light scattering experiments [12]. Light scattering techniques 
are based upon the measurement of elastically (Rayleigh) scattered light resulting from 
the interaction of radiation with polymer molecules and can give accurate values for 
M. up to approximately 5 Megadaltons (MDa) in favourable cases. The values 
obtained are not absolute, however, as a constant related to the molecular shape is 
required in calculations for M.,. A commonly employed light scattering technique is 
low-angle laser light scattering (LALLS). 
Viscometry is a low cost technique that generates mean molecular weight values (MJ 
which typically fall between ~ and M.,. It is possible to analyse polymers of any 
molecular weight but the technique does not yield absolute values of the mean 
molecular weight. 
Gel permeation chromatography (GPC), a form of size exclusion chromatography 
(SEC) as the constituents of the polymer are eluted from a column in order of 
decreasing size, is superior to the techniques previously mentioned in that the data 
generated can be converted to give a full mass distribution for a polymer. At present, 
GPC is the most commonly used technique for yielding ~ and M. values for 
polymers. Advantages of GPC include the low cost of equipment and the high 
working molecular weight range. Polymers with average molecular weights of up to 1 
MDa may be analysed by GPC and the additives present in blends may also be 
chMacterised. The main disadvantages of GPC are that the data generated are very 
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dependent on the molecular shape, which can be altered substantially when the end 
group is altered in low molecular weight polymers and also relies heavily on the 
calibration curve used [13]. Calibration compounds are not available for many 
polymers. 
The determination of molecular structure of polymeric materials includes the 
characterisation of individual chains. Included in this are tacticity, conformational 
isomerism, end group information, monomer sequence distribution, chain branching 
and minor structural defects of polymer chains. Spectroscopic techniques excel in this 
area of polymer characterisation. 
The chemical composition of polymers is traditionally detennined by means of NMR 
[14,15] and infrared (IR) [16] spectroscopy. NMR is the most commonly employed 
technique for the determination of molecular structure of synthetic polymers. It is 
often used to name the type of polymer, detennine the composition and conformation 
and also to find any irregularities such as branching and end groups [15]. The methods 
that are typically used are lH and 13C NMR but the low sensitivity of the latter means 
that long acquisition times are often necessary [14]. IR is commonly employed for 
quality control testing and its advantages over NMR include: low instrument costs, 
ease of operation, the simple achievement of low measurement error and the short 
time-scale of analysis. IR spectra are often complicated by peaks arising from 
additives present in the blend but can aid polymer identification and indicate molecular 
structure and average copolymer composition. 
11 
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One advantage that mass spectrometry has over all of these techniques is its ability to 
generate absolute mass data giving accurate masses and intensities of particular 
oligomers. This is advantageous in that it gives the potential for the detennination of 
both accurate mass envelopes of polymers and end group information. 
1.3.(b) Analysis of Polymer Additives. Most methods of analysis of organic additives 
require prior separation from the polymer matrix [ 17,18]. Liquid chromatography 
(LC) [19,20] and gas chromatography (Ge) [21,22,23,24] are common separation 
techniques and may also be employed as the method of identification of the separate 
components when coupled to a suitable detection system. Analysis is commonly 
carried out by means of UV spectroscopy [21,22,23], IR spectroscopy [21,22,23,25, 
26] and mass spectrometry [27]. 
Analysis of the components of polymer blends has become more difficult due to the 
increasing complexity of the mixtures. The use of less labile, higher molecular weight 
organic additives in polymer mixtures has reduced the applicability of some of the 
traditional methods of analysis for these compounds, especially that of in situ 
techniques. The relatively high mass range that is accessible by means of mass 
spectrometry, especially when desorptionlionisation or spray ionisation techniques are 
employed, may be beneficial in enabling the analysis of complex additive mixtures to be 
carried out. 
12 
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1.4. Mass Sp«trometn or Polymeric Materials. 
1. 4. (a) Mass Spectrometry 0/ Polymers. Direct analysis of synthetic polymers by 
mass spectrometry is problematical due to the involatility and high molecular weight of 
many systems. Pretreatment, by chemical [28] or thermal means [29], of polymers 
before analysis has provided the traditional answer to this problem, thus generating 
ions of a suitable mass-to-charge ratio for mass spectrometry. Thermal analysis is the 
most common method of pretreatment. Scheme 1.7 represents the various pathways 
employed for the mass spectrometric analysis of polymeric formulations. 
Polymers that are subjected to thermal stresses can undergo partial degradation or 
complete pyrolysis. Fragments induced by thermal treatment can be analysed by direct 
injection into a mass spectrometer [30,31,32,33,34,35,36,37,38,39], after prior 
separation by gas chromatography (GC-MS) [40,41,42], or they can be trapped before 
examination occurs [43]. Direct pyrolysis-mass spectrometry (py-MS) is 
advantageous in that the experimental time-scale is short allowing the detection of 
reactive thermal degradation products [13]. Furthermore, the mass range is increased 
when suitable ionisation techniques such as field ionisation (py-FI) 
[44,45,46,47,48,49,50,51,52,53,54,55] are utilised to analyse higher mass pyrolyzates. 
The degradation mechanisms of polymers undergoing thermal treatment are dependent 
on type [13]. 
The spectra generated by means of LSIMS-MS, EI-MS and CI-MS do not, in general, 
yield average molecular weight infonnation of polymers as a consequence of the 
13 
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fragmentation observed and the low efficiency of ionisation of species with higher 
RMM values but the composition and microstructure of copolymers may be indicated 
by statistical analysis of the data [56,57,58,59,60,61,62,63,64]. The infonnation 
obtained may also be used to complement that derived from NMR spectroscopy [64]. 
The direct analysis of polymer formulations by mass spectrometry has become more 
facile in recent years with advances in ionisation techniques. The development of 
MALDI [65,66] and ESI [67] has enabled the analysis of polymers with molecular 
weights of above 250 kDa to be accomplished. 
Previously, FD was the most commonly employed ionisation technique for direct 
average mass measurements of polymers [68]. The mass limit of FD-MS is 
approximately 15 kDa since this is the upper mass limit of the mass analysers normally 
used in conjunction with FD. FD is most appropriate for analysis of aromatic polymers 
such as polystyrene (PS) [69,70] but has found applications in the analysis of many 
other systems such as polybutadiene [71] and polyethylene [72]. Thermal degradation 
is observed in some polymers, such as polyethylene glycol (pEG), above approximately 
5 kDa and therefore the mass envelopes obtained can be inaccurate. 
ESI has generated ions from polymers with molecular weights up to and above 5 MDa 
[73]. Even though ESI has routinely been employed to study biopolymers of up to and 
above 1 MDa, the study of synthetic polymers by this ionisation technique has been 
twnpered by their lack of acidic or basic functional groups. Generation of multiply 
clw"ged ions is therefore not facile. Furthermore, the nature of polymers, often having 
15 
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a large number of different oligomers, complicates the assignment of multiply clw"ged 
ions. Attention has centred on systems with an average molecular weight of less than 
5000 Da [74,75,76,77,78,79] due to the limitations in mass range of the 
instrumentation normally employed with ESI. 
Laser desorption has been used for the analysis of polymers for over a decade with 
variable success [80,81,82,83,84,85,86] but the advances in MALDI have generated a 
major increase in interest in the mass spectrometry of polymeric materials in the last 
three years [87,88,89,90,91,92,93,94,95,96,97,98,99,100,101] and systems such as 
polyglycols [87,79,97], PS [92,101], and PMMA [90,101] have been studied. 
Comparisons with GPC have been made and the agreement has often been found to be 
good [90,101], but recently it has been observed that MALDI can have limitations in 
the analysis of samples with high polydispersity values [99]. The discrepancies 
between the average molecular weights obtained by GPC and MALDI for polydisperse 
samples could be due to the difference in scale used for displaying the data and more 
importantly, the definition of the average molecular weight calculated. 
There have been very few reports on the application of MS/MS for the determination 
of the structure of polymeric materials [102,103] as a consequence of the low ion 
currents that are often generated by these compounds. The developments in ionisation 
techniques and instrumentation over the past decade, especially m 
desorptionlionisation techniques and tandem mass spectrometers which are typicaJJy 
employed for MSIMS experiment~ have generated the potential for an increase in the 
applicability of MSIMS for the structural characterisation of synthetic polymeric 
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systems. In the present work., spectra of polymers yielding average molecular mass 
data have been obtained by MALDI-MS. MSIMS has been employed in this work: to 
aid end group determination and generate information on the molecular structure of 
intact and thermally degraded low molecular weight polymers. 
1. 4. (b) Mass Spectrometric Characterisation of Polymer Additives. Interest in the 
mass spectrometric analysis of polymer additives has increased in the last decade 
[19,54,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119], 
especially with the developments in soft ionisation techniques such as fast atom 
bombardment (F AB) [108,109,110, Ill] and laser desorption (LD) [111, 113,114,115]. 
These techniques are more useful for the detection of non-volatile, sometimes 
oligomeric, polymer additives which are now often used in polymer blends. Analysis 
by means of traditional mass spectrometric ionisation techniques such as EI [19, 105, 
108] and CI [106,107,108] requires the analyte to be thermally labile. 
Few reports have been published on the quantitative analysis of polymer additives by 
means of mass spectrometry [68]. Furthermore, the application of MSIMS to the 
structural characterisation of polymer additives is far from widespread even though 
intense ion currents are often generated for these organic polymer additives by many 
ionisation techniques. In the present work., a five component mixture of additives 
commonly employed in polymer blends has been analysed by mass spectrometry and 
tandem mass spectrometry, yielding a protocol for characterising an unknown mixture 
of polymer additives and a better understanding of the fragmentation pathways of these 
types of molecules. 
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2.1. Introduction. 
This chapter introduces some of the methods of sample introduction and ionisation 
commonly employed in modern mass spectrometers. Particular emphasis will be given 
to those ionisation techniques used in these experiments. 
The ionisation technique employed depends to a certain extent on the method of 
introduction of the analyte into the mass spectrometer. Volatile samples may be 
introduced as a solid or liquid on a variable temperature probe, a heatable septum inlet 
or as effiuent from a gas chromatograph (GC). Introduction of thermally labile, 
involatile samples is typically by means of a direct insertion probe or as the outflow of 
a liquid chromatograph (LC). 
2,2. Electron Impact, 
The electron impact (EI) source, developed by Nier [ 1 ] after its conception by 
Dempster in 1921 [2], is still the most commonly used in mass spectrometry. The 
sample is introduced into the source as a vapour at reduced pressure « 1 O~ Torr) and 
ionised by a beam of high energy electrons. A schematic of a typical EI ion source is 
shown in Figure 2. 1. 
The filament, when electrically heated, emits electrons which are accelerated towards 
the source, nonnally by a voltage of 70 V. At this voltage small variations do not 
greatly affect the total and relative ion abundances, as indicated in Figure 2.2, a typical 
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plot of ion current versus electron energy. Some electrons pass through a small slit 
into the ionisation region and most interact with the sample vapour, those remaining 
hitting the trap electrode (Figure 2.1). The electron beam is constrained to a tight, 
helical path by a small magnetic field which is generated by the source magnet and a 
constant electron current is maintained by a feedback circuit between the filament 
power supply and trap electrode. A repeller electrode aids the ejection of ions from 
the source, partially assisted by the field penetration arising from the accelerating 
voltage. 
Source 
magnet 
Ions 
t I ---r----, 
=> _____ H ____ _ 
Filmn~ I I 
Repeller 
Figure 2.1. 
Sample entry 
Trap 
Schematic Diagram of an Electron Impact Source, 
Electron Energy (cV) 
Figure 2.2. 
Plot of Ion Curnot Venu~ Electron Enem. 
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The EI source is heated to reduce contamination by sample molecules that may lower 
the sensitivity and shorten the lifetime of the filament. The source chamber is 
continuously pumped so as to minimise the re-entry of aoalyte into the ionisation 
region and to reduce the occurrence of ion-molecule reactions. The high compatability 
of GC with EI ionisation is partially due to the short half-life of molecules in the 
source, a consequence of the maintenance of low pressure conditions. 
The two main processes that occur when an electron interacts with a sample molecule 
are ionisation and dissociative ionisation, as indicated by Equation 2. 1. 
M + e ~ ~. + 2e ~ A+ + B' ~ C+ + D (Equation 2. 1.) 
The energy required to remove an electron from the highest occupied molecular orbital 
of an organic molecule is approximately 7-11 e V and the EI ionisation process results 
in the transfer of several electronvolts to the analyte. The molecular ion fonned is 
typically the radical cation, ~, which may dissociate by the loss of radicals (B0) 
and/or neutrals (0) to give fragment ions (C+, D+) in accordance with the even electron 
rule. Further discussion on the dissociation of ions is given in Chapter 4. 
2.3. Chemical Ionisation, 
The molecular ion is not observed in the EI spectra of some organic molecules if the 
dissociation pathways to generate fragment ions are very facile and therefore the 
relative molecular mass (RMM) cannot be detennined. Chemical ionisation (el) [3], 
which is a 'soft' ionisation technique in that it generates predominantly protonated 
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molecule (MIr) ions with little fragmentation observed, was developed primarily to 
overcome this problem. Ions characteristic of the analyte are generated by means of 
ion-molecule reactions with reagent ions in a high pressure source (at approximately 1 
Torr). The reagent ions are formed by EI ionisation, typically with electrons having an 
energy of 150 e V, and by subsequent ion-molecule reactions. These ions are only 
slightly reactive with the neutral reagent gas molecules but interact readily with the 
sample which is at a low partial pressure in proportion to the reagent gas 
(approximately 1: 1000). 
The most common type of reaction that occurs in CI is protonation of the sample by 
means of an ion-molecule reaction with the reagent ion to generate an even electron 
species, typically MIr. Equation 2.2 is a representation ofthls process, where BI1 is 
the reagent ion and M is the analyte molecule. The proton affinity of the sample must 
be higher than that of the conjugate base of the reagent ion for the transfer of a proton 
to occur. Some selected proton affinities of reagent gases are given in Table 2.1. 
BH+ +M~MH+ +B (Equation 2.2) 
Conjugate base (B) Reagent ion Proton affinity (B) (kJ mol-I) 
CH. CH/ 551 
(CHJ:zCC~~ (CH3)3C+* 824 
NH3 NH+ 
• 
854 
Table 2.1. 
Proton Affinities of Selected CI Reagent Gases. 
(l The Reagent Ion of Iso-butane.) 
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Association reactions may occur when the proton affinity of the sample is similar to or 
less than that of the reagent ion and this process is demonstrated by Equation 2.3. 
This type of reaction commonly occurs in ammonia eI when the proton transfer 
reaction of Equation 2.2 is endothermic and a [M+NHJ+ adduct is often formed. 
Other categories of ion-molecule reactions that can occur under eI conditions are 
charge exchange, eiectrophilic addition and anion abstraction. 
(Equation 2.3) 
eI experiments are often performed in combined EIIeI sources which can be modified 
depending on the mode of operation. The high pressure requirement of a eI source 
means that the dimensions of the source exit slits are much smaller than for EI 
applications. 
2.4. Field IonisationIField Desorption. 
Ionisation by means of EI and eI requires the analyte to be introduced in the gaseous 
phase. Thenna1ly labile, involatile samples were not suitable for mass spectrometric 
analysis before the development of field desorption (FD) by Beckey in 1969 [4] from 
field ionisation (FI) [5,6]. The analyte is ionised by intense local electric fields in the 
FDIFI source. These two techniques differ in the method of sample introduction: the 
sample is deposited and desorbed from an emitter in the FD experiment whereas the 
sample is introduced as a vapour in FI, typically from a solids probe. 
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A schematic of the FDIFI source of the ZAB-T four sector mass spectrometer (VG 
Organic, Manchester, UK) is shown in Figure 2.3. The emitter is typically a tungsten 
wire of 13 J.1nl diameter which has been treated with pyrolysed benzonitrile to generate 
carbonaceous dendrites on the surface [7]. Increasing the length and the sharpness of 
the dendrites generates higher local electric fields at the tips of the micro needles, 
typically 107-10. V cm-) compared to the 106 V cm-) obtained from untreated wires [8]. 
The emitter current is carefully increased by electrical heating to generate the ions 
which are accelerated towards the counter electrode by an electrical potential of 
typically 13 kV. The quality of the spectra obtained by FD-MS is partially governed 
by the temperature of the emitter and the rate of the increase in temperature. An 
emitter current is reached, as the temperature is gradually incre.ased, where intense 
molecular ion signals are observed with little fragmentation and is termed the best 
anode temperature (BAT) [9]. The signals generated below the BAT are often weak 
and unstable. Fast and controlled thermal degradation of complex materials such as 
synthetic polymers occurs at emitter currents considerably above the BAT. 
EItradiOll Rod.---__ ....... 
FDProbe 
LSIMS 1011 Gull 
(Lena Elemen.-FInaI) 
I Sou...,., Slit 
To Mw. Analyser 
\ 
Icm Beam 
Figure 2.3, 
Schematic of the FD Source of the ZAB-T. 
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The three commonly attributed mechanisms of ionisation in FD are field ionisation 
[10,11,12], desolvation [13 )/ion evaporation [ 14] and thermal ionisation. The 
mechanism of ionisation depends on the analyte and the conditions. These processes 
are summarised in Table 2.2. 
Analyte Molecular Ion Generated Mechanism or Formation 
~ FI 
M, Neutral molecule MIr FI 
DesolvationlIon Evaporation 
[M+catr DesolvationlIon Evaporation 
[C+A-]~ FI 
Salt (organic or C+~ [C~lA..r DesolvationlIon Evaporation 
inorganic) Thermal Ionisation 
Table 2.2, 
Ion Formation Mechanisms in FD. 
In the field ionisation mechanism the FD sample, which is predominantly located 
between the microneedles of the emitter, must undergo gas-phase transport by a 
"hopping motion" (polar, non-volatile molecules) [15] or surface diffusion (volatile 
compounds) [16] to the tips of the dendrites prior to ionisation by an electron 
tunneling mechanism. Ionisation is presumed to occur at the tips of the microneedles 
as approximately 107 V cm-l is required for electron tunneling to be initiated. Less 
sample heating is nonnally required in the FD experiment compared to FI as the 
gas-phase transport distance is much shorter in the former and therefore ionisation 
occurs close to the evaporation zone. Only a small percentage of the sample impinges 
on the tips of the microneedles with the latter. The field ionisation meclwUsm is 
prevalent for non-electrolytic anaIytes and molecular radical cations ~) are normally 
generated. Some basic organic molecules generate protonated molecular ions (MH) 
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[17] and doubly charged ions are occasionally fonned from aromatic compounds. 
Post-ionisatio~ generating multiply charged ions, may occur as the ions are 
accelerated from the surface of the emitter by means of further electron tunneling 
[18,19]. 
The field induced extraction of ions is proposed to be the most important mechanism 
for the desorption of thermally unstable, non-volatile molecules to generate MIr or 
[M+Catr species, where Cat is an alkali metal cation [13]. The MIr and [M+catf 
ions are prefonned on the emitter, from salt layers for the generation of alkali metal ion 
adducts, and may be desorbed at low electric fields (106 V em-I) and high emitter 
temperatures. These ions may therefore be desorbed from the valleys between the 
microneedles, which are in relatively low electric field regions compared to the tips, 
and also from untreated (bare wire) emitters. The first step in the mechanism is the 
charging of the surface by solvated ions. Stress in the charged layer induced by the 
electrical potential causes instabilities at the surface and can lead to the emission of 
charged droplets and clusters. Field enhancing projections may develop and solvent 
evaporation generates a glassy state from which the electrical potential is strong 
enough to extract the prefonned MIr or [M+Catr ions. 
The field assisted ion evaporation model is divided into two distinct steps: the 
accumulation of excess dwge at the surface of the analyte and the evaporation of ions 
from the condensed phase as a consequence of the molecule-molecule or ion-molecule 
interactions being overcome by the intense local electrical potential [14]. The ions 
have also been proposed to be desorbed from the tips of field-induced protuberances 
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as the ion-molecule and molecule-molecule interactions weaken with increasing length 
of such projections [20]. 
The desorption of ions by means of a purely thenna! process occurs at much higher 
emitter currents than other mechanisms of field desorption and is restricted to a limited 
range of materials such as metals and complex salts. 
FD-MS found many applications in the biological field before the development of F AB 
and is currently employed in the analysis of synthetic polymers [21] and complex 
lubricants [22]. FI is often used to analyse pyrolyzates of polymers [23,24], coal [25] 
and soil samples [26]. 
2.5. Fast Atom Bombardment and Liquid Secondary Ion Mass Sp«trometry, 
Fast atom bombardment (FAB) [27] and liquid secondary ion mass spectrometry 
(LSIMS) [28] employ a high energy (kiloelectronvolts) primary particle beam to 
desorb and ionise the analyte which is suspended in a liquid matrix. The F AB 
technique was developed by Barber et a1. [27] from static secondary ion mass 
spectrometry (static SIMS) [29]. A beam of fast neutral atoms, often xenon or argo~ 
are used in the FAB technique [27] whereas the target is bombarded by a primary ion 
beam, typically caesium ions (Cs+), in the LSIMS experiment [28]. Improved 
sensitivity and ultimate maximum mass are obtained by employing LSIMS over F AB 
[28] due to the improved collimation and the increased momentum of the caesium ion 
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beam. A background gas pressure from the fast atom gun can also cause 
contamination problems and a reduction in operating pressure in the FAB source. 
The matrix, typically a viscous liquid such as glycerol or thioglycero~ provides a 
continuous renewal of the surface giving prolonged intense ion signals. This is not the 
case in static SIMS where the secondary ion intensity reduces considerably over a 
short period of time due to surface damage. One drawback of the high matrix 
concentrations used in the LSIMS and F AB techniques is the appearance of peaks at 
every mass number due to clusters and fragments of the matrix, sometimes refered to 
as 'chemical noise'. This phenomenon may be reduced by employing a technique 
tenned continuous-flow F AB (CF-F AB) [30] where the sample is continually pumped 
to the probe tip in a solution containing only a small proportion of matrix. This 
technique also reduces the surface effects that are often prevalent in LSIMS and gives 
improved detection limits. 
The mechanism of ion fonnation in F AB and LSIMS is not completely understood. 
Impact of the primary particle beam generates a collision cascade which includes ions, 
radicals and excited neutral species [31] by vibrational excitation [32,33]. The ions 
observed in the mass spectrum are presumed to be generated predom.iIwttly by 
reactions occuring in the selvedge [34], a high density region just above the bulk 
matrix and sample [35,36]. These reactions include those between ions and electrons 
generated in the collision cascade, and preformed ions with desorbed matrix and 
analyte molecules. These reactions have been compared to those occuring in CI [37]. 
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Figure 2.4 is a schematic diagram of the LSIMS source of the ZAB-T. Caesium ions 
are evaporated from a heated caesium salt, normally caesium alumina silicate, and 
accelerated by a gun voltage of 35 k V with an ion current of approximately 1 Jl.A 
Collimation of the primary ion beam is enhanced by focus lenses 1 and 2 whose 
voltages reduce the gun voltage to 90-100 % and 66-89 % respectively of the original 
value. Secondary ions generated are accelerated from the probe tip by the electrical 
potential difference (nonnally 8 kV) between the probe and the source extraction 
plates. 
LSIMS Source 
LSIMS Probe 
Sample in Matrix on Tip of Probe 
Beam Ccntrin8 Platcs 
Source Exit Slit 
Secondary Ion Beam 
Lens Element-Final 
Lens Element-Focus 2 
Lens Element-Focus I 
~~IQ",.t"<-T-Cacsium Ion Emitter (Anode) 
Aligning Scrcw-______ ~ 
(One of Four) 
Figure 2.4. 
Schematic of the LSIMS Source of the ZAB-T. 
The design of the LSIMS source of the Concept II IllI four sector mass spectrometer 
(Kratos Analytical, Manchester, UK) is shown schematically in Figure 2.5. Cs· ions 
are initially accelerated from the caesium pellet by a 5 kV potential and the potential 
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difference between the ion gun and the probe is normally 7 k V for an accelerating 
voltage of8 kV. The typical impact energy ofCs· ions on the probe tip is therefore 12 
ke V with a primary ion current of approximately 1 J,1A 
Probe 
Insulator Copper Probe 
Shaft Tip 
Impact Energy = 15 + 5 - 8 = 12 kV 
Figure 2.5. 
~~ 
-----~. Sputtered n n 
Ions U U 
Extraction 
Plates 
Schematic or the LSIMS Source or the Concept. 
2.6. Soray Methods. 
A mist of small, charged droplets generated from a solution containing the analyte 
which break down to form the ions observed in the mass spectrum forms the 
experimental basis of spray ionisation techniques, of which the two most commonly 
employed are electrospray (ESn [38,39] and thennospray (TS) [40]. ESI and TS 
differ in the method employed for the desorption of droplets from the bulk solution 
containing the analyte. The solute is thennally desorbed with TS and gas phase ions 
are generated by a high electric field with ESI. 
2.6. (i) Electrospray. A schematic of the electrospray source of the Quattro n tandem 
quadrupole mass spectrometer (VG Organic, Manchester, UK) is Figure 2.6. The 
source is approximately at atmospheric pressure and close to ambient temperature in 
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the ESI experiment. The sample is either the elute of a liquid chromatograph or is 
injected into the mobile phase which is pumped through the capillary at a rate of 
typically 1-20 J.1.L min-I. An electrical potential of 2-5 kV is held between the stainless 
steel spraying capillary and the counter electrode (the Multiple Axial Sampling 
(MAS~ filter or high voltage lens in Figure 2.6) which are separated by a few 
millimetres. The liquid emerging from the capill8l)' forms a cone shape, termed a 
Taylor cone [41], and the charged droplets resulting from ion separation [42], 
containing both analyte ions and solvent, are ejected from the tip of this cone [43,44]. 
A bath gas, typically nitrogen, is present to initiate desolvation by maintaining the 
temperature of the droplets [45]. Furthermore, the bath gas also reduces corona 
discharge in the source region which can occur at elevated electrical potentials. The 
addition of a high-velocity coaxial nebulising gas such as nitrogen aids desolvation and 
this technique is termed ionspray [46]. 
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The desolvated ions migrate towards the cone through the high voltage lens, whose 
functions include the removal of involatile material which could cause blockages to the 
cone and is heated to aid further desolvation (Figure 2.6). This filter also serves to 
focus the ions through the cone aperture (0.2 nun) into the first vacuum stage 
(approximately 10.1 mbar). The sample cone is held at 0-200 V and the value of the 
potential can effect the distribution of multiple charging [47] and fragmentation [48] 
observed in the mass spectrum. The dissociation observed at higher values of potential 
on the cone can result in spectra that are similar to conventional cm spectra [49] and 
this phenomenon is often referred to as skinuner cm. A percentage of the resulting 
ion beam passes through the skimmer assembly, consisting of the skinuner lens 
(typically offset from the skimmer cone by 5 V) and skinuner cone (0-3 V), into the 
mass analyser (approximately 4 x 10'" mbar). The skimmer assembly aids the diffusion 
of solvent molecules away from the mass analyser. 
Many theories have been proposed to explain the desolvation of the charged droplets 
in ESI [38,50,51,52] but the actual mechanism is still not clear. It is unambiguous that 
ions are initially generated in the liquid phase in ESI, contrasting with the gas-phase 
ion-molecule reactions that often occur in TS ionisation [53]. Two popular 
mechanisms are those originally proposed by Dole et al. [38] and promoted by Rollgen 
[50], often called the charge residue model (CRM) or single ion in droplet theory 
(SlOT) [54], and a model described by Iribane and Thomson which is commonly 
termed the atmospheric pressure ion evaporation model (IEM) [51]. 
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The !EM involves the formation of a droplet containing many solute ions. Solvent 
evaporation increases the coulomb repulsion in the droplet until the forces resulting 
from the charge are greater than that of surface tension and a 'coulomb explosion' 
occurs [51]. This is proposed to occur with droplet sizes in the J..Ull range, that is close 
to the Rayleigh limit [55]. 
ROUgen has proposed that the gas-phase ions result from the desolvation of very small 
droplets (run's) [56] at the Rayleigh limit [55]. The CRM proposes that droplets are 
generated that contain only one analyte ion and solvent evaporation from the droplet 
due to instabilities at the surface leads to the formation of a gas phase ion [38,50]. 
The model described by Fenn et al. is a development of the IEM and attempts to 
explain the observation of the series of multiply charged ions from large molecules 
such as proteins and high average molecular weight PEG [52]. The number of charges 
on a desorbing ion is proposed to be partially detennined by the charges on the droplet 
surface rather than as an analyte adduct. As the droplet size is decreased by solvent 
evaporation so the net charges available to a desorbing analyte ion is increased and 
therefore a distribution of charge states is observed as a consequence of the variance in 
the volume of the droplet from which the ion is desorbed. The charge distribution is 
also related to the conformation of the analyte, the competition between electrostatic 
repulsion and bonding energy, the droplet evaporation time, the surface concentration 
of the species and its desorption free energy [52]. 
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The multiply charged ions that are often observed in the ESI spectra of samples with 
R.M.M. greater than 1000 Oa has enabled the analysis of large biomolecules to be 
performed. The observed envelope of molecular ions with different charge states often 
conveniently falls in the mass range of a quadrupole mass spectrometer (up to 4000 
Oa) and FT-ICR instruments. Proteins with molecular weights above 100 kDa [57] 
and PEG of5 MOa [58] have been analysed by means ofESI-MS. 
2.7. Laser Desorotion/IonisatioD. 
2.7.(i) Introduction to Laser Techniques. The ionisation of small inorganic [59,60] 
and organic [60] molecules by means of a laser was first reported by Vastola et aI. 
towards the end of the 1960's. The laser desorptionlionisation (LOI) technique 
involves the desorption and ionisation of the sample from a metal substrate by means 
of an infrared (IR) or ultraviolet (UV) laser [61,62]. The desorption process is 
presumed to occur via direct optical absorption by the sample [63] or heat conduction 
from the substrate [64] and ionisation of the gas-pbase analyte by ion-molecule 
reactions similar to those ofFAB ionisation [37]. The ions observed in IR-LDI spectra 
are fonned predominantly by cationisation of the analyte whereas protonated 
molecular ions are more readily generated by means of UV-LDI [65]. Interest in the 
separation of the desorption and ionisation steps arose due to the lack of 
reproducibility of LDI experiments and the number of gas-phase neutrals generated by 
desorption which is typically approximately 1 cr times higher than that of the number of 
ions fonned [66,67]. This technique employs separate lasers for the desorption and 
ionisation and is often tenned L 2TOF when used in conjunction with a time-of-flight 
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(TOF) mass analyser. The ion yields are low due to the losses that arise in the 
transport process from the desorption region to the point of ionisation [68]. 
2.7. (ii) Matrix Assisted Laser Desorptionl/onisation. It was observed that the ion 
yield from LDI was dramatically increased with strongly absorbing analytes [69,70] 
and as the desorption of these samples requires a much lower photon fl~ the process 
of energy absorption by the substrate is prevented. These observations led to the 
development of UV -matrix assisted laser desorptionlionisation (UV -MALOI) [71,72], 
a technique in which the analyte is dissolved in a matrix which is strongly absorbing at 
the wavelength of the laser employed [73]. The matrix acts as an intermediate in the 
transfer of energy of the photons from the laser beam to the sample [69,71] and is 
presumed to separate the analyte molecules in the lattice, therefore limiting 
aggregation [74]. 
The original experiments of Tanaka et al. [72] and Hillenkamp and coworkers [71] 
were quite different. The former used an ultra-fine metal powder (cobalt of 
approximately 30 nm diameter) dissolved in glycerol as a matrix [72] whereas the 
sample was suspended in nicotinic acid in the technique of the latter [71]. Most 
MALOI experiments have since concentrated on the method adopted by Hillenkamp et 
al. which employs a organic molecule of low molecular weight as the matrix [73]. 
Most matrices commonly used in MALOI experiments are solids [71,75,76,77] with 
the exception of meta-nitro benzyl alcohol (NBA) [78] wruch is a viscous liquid. Very 
little is known about the required properties of a matrix for it to be suitable for 
MALOI except that it must have a rugh molar absorption coefficient at the wavelength 
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of the laser [19]. Most matrices have an aromatic ring and/or carboxylic acid group 
but this is not an essential property for an intermediate in energy transfer to the anaIyte 
[15]. 
A thermal spike model has been proposed for the desorption process operating in 
MALDI which involves the sublimation of matrix and analyte by local heating 
[80,81,82]. The lack of fragmentation observed in the analyte may be due to the the 
poor vibrational coupling, the weak bonds of the sample to the matrix causing a 
'bottleneck' which therefore reduces energy transfer. The 'photochemical' model 
[83,84] proposes that protonated matrix molecules, generated by laser irradiatio~ act 
as proton donors to form analyte ions by gas-phase reactions. The proton transfer and 
cationisation of analytes observed in MALDI has been proposed to be via a CI type 
process [37]. The charging of the analyte molecules in the gas-phase is known to be a 
very inefficient process as much higher proportions of neutrals are formed. 
MALDI spectra are often dominated by intense peaks at low mass which arise from 
intact molecular ions, fragments, clusters and adduct ions of the matrix employed. 
This phenomenon may be reduced by using lower laser powers approaching that of the 
threshold for analyte ion production and by employing certain matrices from which less 
intense peaks are generated [85,86,87]. These low mass ions may also be deflected 
away from the mass analyser by a technique known as matrix suppression prior to mass 
analysis. 
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Proton attachment is favoured for proteins and cationisation is often observed for 
synthetic polymers. Multiple charging and clustering is often observed in the spectra 
of high mass proteins and polymers. Satellite peaks from adducts of the analyte with 
the matrix are also commonly seen in spectra of large biopolymers but very little 
fragmentation is observed from large molecules except that of some small functional 
groups from certain species [88,89]. Fragmentations occuring after acceleration in a 
time-of-flight (TOF) instrument, termed post-source decay (PSD), may be observed as 
a tail on the molecular ion peak due to the loss of translational energy on dissociation 
[90,91]. PSD has been proposed to occur via monomolecular and/or bimolecular (by 
collisions with gas atoms and molecules) pathways and the amount of fragmentation 
has been found to be dependent on the matrix employed [92]. 
Spectra may be obtained from a sample deposition as small as 50 femtomoles [93], 
with as low as 10-17 mole of anaIyte being consumed in one laser shot [94]. Molecular 
ions of proteins [95] with molecular weights of above 200 kDa have been observed in 
MALDI spectra. The reproducibility of the MALDI technique is highly dependent on 
crystallisation clw"acteristics, especially the size and homogeneity of the crystals [96]. 
Many sample preparation techniques have been proposed to generate reproducible 
results, including quick drying of the matrix [97] and/or use ofa comatrix [98]. 
The resolution of the peaks observed in the UV-MALDI spectra is degraded by the 
distribution of velocities of the anaIyte desorbed from the target spot. The average 
velocity of anaIyte species emerging from the target has been estimated as 
approximately 800 m S·I [99]. Furthermore, the variance in distance between the point 
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of desorption and acceleration also aids peak broadening. The latter effect may be 
reduced by the acceleration of ions by multiple steps in a device termed an ion 
'buncher'. 
There are no restrictions on the laser wavelength that may be employed in MALDI 
experiments if suitable matrices are available. Neodynium doped/yttrium aluminium 
garnet (NdlYAG) lasers operating at wavelengths of335 run [100] and 266 run [101]. 
a nitrogen (NJ laser at 337 run [100] and a XeCI excimer laser at 308 run [102] have 
all been successfully used with appropriate matrices. In additio~ the technique of 
IR-MALDI with a carbon dioxide (COJ laser of wavelength 2.94 J.U1l or 10.6 J.U1l has 
been employed with a glycerol matrix to give results comparable to that of 
UV-MALDI [103]. The ability to control the laser flux is very important as the analyte 
signal has a non-linear correlation with power [75,86] and the required beam intensity 
is sample dependent. 
Figure 2.7 is a schematic of the UV -MALDI source of the TOFSPEC time-of-flight 
mass spectrometer, which employs a Nl laser operating at 337 run to desorb the 
analyte. 
Muld Sample. ,..--____ --, 
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Figure 5.7. 
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3.1. Introduction to Mass Analysen. 
A mass spectrum is a plot of the relative abundance of ions, passed by the mass 
analyser to the detector, against their mlz ratios. The techniques of mass analysis and 
ion detection that are commonly employed in mass spectrometry are introduced in this 
chapter with particular attention given to the systems that have been used in the 
present work. Table 3.1 lists the mass analysers that are commonly employed and their 
typical maximum mass-to-charge ratio (m/z) and resolving power. The resolving 
power is defined as the value of m/ Am required to separate two peaks of mass m and 
m+Am. 
Type or Analyser Maximum Masl-to-Charge Typical Maximum 
(m/z) Ratio Resolving Power 
Magnetic Sector 15,000 150,000 
Quadrupole 4,000 4,000 
Ion Trap 70,000 5,000 
Time-of-Flight 500,000 5,000 
Fourier Tnuulorm Ion 30,000 1,000,000 
Cyclotron Resonance 
Table 3.1. 
The Typical Maximum Mass-to-Charge Ratio and Resolving Power 
or Selected Mass Analysen. 
The translational energy of singly charged ions (m l ) accelerated by Vecc is given by 
Equation 3. 1 : 
(Equation 3. 1) 
where e is the electronic charge and VI is the velocity of mI·' Ions accelerated by Vecc 
all therefore have the same energy, Vecce. Furthennore, from Equation 3.1, the 
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velocity is inversely proportional to the square root of the mass of the ion. Momentum 
increases with the square root of the mass: 
(Equation 3.2) 
As a consequence, separation by velocity or momentum is also separation by mass. 
Momentum separation is the operating principle of magnetic sectors while 
time-of-flight (TOP) analysers use the velocity distribution to separate ions by their 
m/z ratios. Quadrupoles employ direct current (d.c.) and radio frequency (r.f) 
voltages in two dimensions to separate ions directly according to the mlz value and the 
same principle in three dimensions is employed for ion trap instruments. Fourier 
transform ion cyclotron resonance (FTICR) mass spectrometers generate frequencies 
that are directly related to the m/z ratios. 
The choice of mass analyser for an application depends on a number of interrelated 
factors such as: (i) Mass range; (ii) resolving power; (iii) accuracy of mass 
measurement; (iv) ion transmission and dynamic range; (v) scanning speed and (vi) the 
ease of interfacing the analyser to other equipment such as, for example, a GC column. 
3.2. Sector Mass Analysen. 
3.2. (i) Electric Sector. The electric sector separates ions according to energy and 
focuses diverging ion beams which possess the same energy [1]. Two parallel 
cylindrical plates of average radius r make up a conventional electric sector across 
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which an electric potential, E, is applied. A schematic diagram of an electric sector is 
given in Figure 3.1. The electric sector is first order direction focusing as all ions 
exiting the source with a small angular divergence (2aJ are brought to focus at the 
exit slit and follow a path of radius r on average: 
2 
Ee = mlvl = 2Va()Ce 
r r (Equation 3.3) 
where 
2Va()C 
r=-= 
E (Equation 3.4) 
The electric sector is energy dispersing in that ions generated at point 0 in the ion 
source (Figure 3.1) which possess different energies (Eo and E1) follow alternative 
paths and are brought to focus at separate points on the focal plane (F 0 and F I)' Most 
ion sources generate charged species with a significant energy spread which is reduced 
by the electric sector with a concurrent loss of the ion abundance. Furthennore, if the 
energy of the ions fonned in the source is the same, there is no mass separation of ions 
by an electric sector. 
o 
Figure 3.1. 
..... 
ft-. 
Principle of Operation of an Electric Sector. 0, Object Point for Source of Ions 
with Focus Points F. and F. for Ions with Energies E. and E. Respectively. 
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3.2. (ii) Magnetic Sector. Ions of mass m) entering a magnetic field follow a path of 
radius R which is perpendicular to the field where R is given by: 
or (Equation 3.5) 
Ions are therefore separated by momentum when the magnetic field is scanned if R is 
fixed. The ions passing through an exit slit are detected to generate the mass spectrum 
[1]. Furthermore, at fixed B, ions travelling through different radii may be collected on 
a photographic plate or an array detector (Section 3.4.(vi». The standard expressions 
for separation of ions by a magnetic sector are given below in Equations 3.6-3.8. 
-KB1 
- 1 
=JL 
Vaa; 
(at fixed V .J 
(at fixed B) 
Figure 3.2. 
Mass Dlspenloo 
V ftodty Dlspenloo 
ImapCune 
Principle of Operation of a Magnetic Sector. 
(Equation 3.6) 
(Equation 3.7) 
(Equation 3.8) 
0, Points Source for Ions with Angular Spread of 2aM• 
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Scanning linearly in B will therefore separate ions proportional to m 112 if V ICC is held 
constant [2]. A schematic diagram of a magnetic sector is shown in Figure 3.2. Ions 
generated at point 0 are separated by mass and velocity, brought to focus at points F ~ 
F 1 and F ~ F 2 respectively. 
3.2.{iii) Principle of Double Focusing. An appropriate combination of an electric 
sector and a magnetic sector enables velocity and direction focusing simultaneously 
and generates double focusing conditions. A schematic of a double focusing mass 
spectrometer is Figure 3.3. The cross over point of the velocity and direction focusing 
curves generates double focusing at point ~. 
I.-Double Fonainc Paint 
IDtermedlate (MouItor) SlIt 
I~ 
I~ 
.......... ,,',',. " . 
Figure 3.3. 
Principle or Operation or a Double-Focusing Mass Spectrometer. 
The orientation of the electric and magnetic sector gives rise to differing geometries of 
a double focusing mass spectrometer. Fixing the electric sector before the magnetic 
sector gives a combination that is commonly named a forward geometry (EB) 
instrument whereas the converse positioning is nonnally referred to as reverse 
geometry (BE). The performance of double focusing instruments is predominantly 
determined by factors such field inhomogeneities and fringing fields [3,4,5]. 
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(iv) Resolution in Sector Moss Ana/ysers. The resolving power of sector mass 
spectrometers is usually defined as the value of m/ Am for which the height of the valley 
between the peaks at m and m+Am, which are of equal intensity, is 10010 of the height 
of the peaks. This is schematically represented in Figure 3.4. Modem sector mass 
spectrometers have a typical maximum resolving power of between 100,000 and 
150,000 using this definition. 
Figure 3.4. 
The 100/0 Valley Definition of Resolution. 
3.3. The Quadrupole Mass Filter. 
Quadrupole mass filters are dynamic mass analysers. Quadrupolar fields induce 
restoring forces which are greater as the ions deviate from the central axis of the 
device whereas static mass anaIysers such as magnetic sectors generate constant forces 
on the charged species [6]. A quadrupole mass analyser is preferentially constructed 
from four equally spaced parallel rods of hyperbolic cross section. These analysers are 
typically made of four cylindrical rods, however, as these are more easily machined [7]. 
The opposite pairs of rods are connected electrically and a d.c. voltage U and r.f 
voltage Vocos(rot) are applied (Figure 3.5). The instability of certain ions in a 
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quadrupole field enables mass separation to be achieved. The potential applied to the 
ion is the agent responsible for this mass separation [6]. 
x 
- ... 
::0:0 '0:: •. 0°: !.:o. :0: .: 
- (U + Vcosrot) 
+ (U + V cosrot) 
Figure 3.5. 
Schematic of a Quadrupole Mass Filter Showing Electrical Potentials 
Applied to Four Parallel Rods of Circular Cross Section. 
A mathematical representation for the path of ions in quadrupolar fields was given with 
solutions to a second-order linear differential equation by E. Mathieu in 1868 [8]. 
These equations of motion (Equation 3.9 and 3.10) give the positions of an ion in X, Y 
space, perpendicular to the direction of motion of the ions in the z-direction. 
(Equation 3.9) 
(Equation 3. 10) 
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In Equations 3.9 and 3.10, x and y are the distances from the centre of the field and a 
and q represent stable solutions to the Mathieu equation. The commonly quoted 
equations for quadrupolar stabilisation in a and q space (Equations 3. 11-3.13) may be 
derived from Equations 3.9 and 3.10. This may also be represented in diagrammatica1 
form, entitled the Mathieu stability diagram (Figure 3.6). 
4eVo q= mr~C1ll 
• 
O .l37~---------
0.2 
y unstable 
0.1 
0.4 
Figure 3.6. 
(Equation 3. 11 ) 
(Equation 3.12) 
(Equation 3.13) 
% unstable 
q 
Two Dimensional Representation of the Mathieu Stability 
Diagram For a Quadrupole Mass Filter. 
Furthermor~ as m is directly proportional to U and Vo when the frequency is constant, 
scanning at a constant ratio of the latter two quantities will stabilise ions of different 
masses in tum and the mass spectrum may be obtained. This may be represented by 
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stability diagrams in U, V space as shown in Figure 3.7. Higher mass ions (~ > ~ > 
mt ) are transmitted at higher values ofU and V, a and q remaining constant. 
u 
v 
Figure 3.7. 
Stability Diagram. Transformed to (U,V) Space (mJ > ~ > ml). 
The transmission efficiency of a quadrupole mass analyser decreases as the mass of the 
ion rises. From the equation for the kinetic energy (K.E.) of the ions: 
1 
K.E. = m; = zeVace (Equation 3.14) 
the velocity of these ions therefore corresponds to: 
(Equation 3. 15) 
Furthermore, from Equation 3.15, the velocity of ions decreases as the mass increases. 
A lower velocity means that higher mass ions spend a longer time in fringing fields and 
their transmission through the analyser is reduced [9,10,11]. Short pre- and 
post-filters, generating r.f-ooly quadrupoJar fields, are often employed to define the 
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ion beam more closely and hence lower mass discrimination [12]. The largest modem 
quadrupole mass analysers have a maximum mass-to-charge ratio of approximately 
4000. 
3.3. (i) Resolution in Quadrupole Mass Analysers. The resolution of ions passed 
through a quadrupole mass filter is defined by the area in which the scan line (al q 
constant in Figure 3.6) crosses the stability diagram [13]. As the line approaches the 
top of the stability region (increased U), the resolution is increased and the ion 
transmission conditions become more stringent. Conversely, as the line approaches the 
q axis, the resolution is reduced, more ions are passed through the analyser and the 
sensitivity is increased. 
Resolution increases as the mass rises and there is a simultaneous fall in sensitivity 
which is linked to the number of cycles of ions through the quadrupole. A high mass 
ion undergoes more cycles as it has a lower velocity and the resolution is therefore 
increased. Nonnally, the mass analyser gives unit mass resolution up to the upper 
mass limit of operation. 
3,4, Time-of-night Mass Analysen. 
The principle of operation of a time-of-flight (TOF) mass analyser is fairly self 
explanatory from the name of the mass separation device. Ions of different velocities 
are separated by their flight time through the analyser. The time taken (t) for ions of 
velocity v to travel along a flight tube of distance s is given by: 
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(Equation 3. 16.) 
where the velocity of the ions having mass m after acceleration by the electrical 
potential V 8CC is given by Equation 3.15. Combining Equations 3.15 and 3.16 gives the 
expression below: 
( ) ! t-s m 2zeV ICC (Equation 3. 17) 
Furthermore, as s and V 8CC are constant for a given experiment, the time-of-tlight can 
be represented as: 
1 
t = a (mlz) 2 (Equation 3.18) 
where a is a constant of proportionality. Thus ions of low mass will reach the detector 
first. The ratio of flight times (t/tJ, for ions of masses m) and ~ and velocities v) and 
V 1 respectively, through the analyser can be represented as: 
(Equation 3.19) 
A mass spectrum may therefore be generated by measuring the flight time of ions from 
the source to the detector [14, 15,16]. 
The advantages of TOF anaIysers are their low cost, high transmission due to the 
absence of beam defining slits, the temporal separation of ions which does not deflect 
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any ions from the detector and high mass range [17]. The main disadvantage is the 
difficulty in obtaining high mass resolution. 
3.4. (i) Resolution in Time~f-f1ight Mass Analysers. The nwwnum resolution 
obtainable of ions analysed in a linear TOF instrument is limited by differing points of 
ionisation, the kinetic energy spread of ions and space ciw"ge coulombic effects [18]. 
The resolution may be increased by the addition of a reflectron [19,20] or by 
orthogonal acceleration of the ions prior to mass analysis [21,22]. A schematic 
diagram ofa reflectron-TOF instrument is shown below in Figure 3.8. 
Figure 3.8. 
Schematic of a ReOectron-TOF Instrument. 
A reflectron is an electrostatic lens which is positioned at the end of the flight tube of 
the TOF mass analyser. This device decreases the time window at which ions of the 
same m/z ratio, but differing translational energies, reach the detector. Ions with 
higher translational energy penetrate the reflectron more deeply than those of lower 
energy and hence follow slightly different paths to the detector. N. a consequence the 
translational energy discrimination is reduced and the resolution is enhanced. 
Furthermore, ions resulting from metastable decomposition, which can reduce the 
obtained mass resolution in linear mode, are not passed to the detector in reflectron 
mode. 
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3.5. Ion Detection. 
3.5. (i) Introduction. The ion detectors that are commonly employed with mass 
spectrometers can be divided into two categories, that of direct measurement of the 
charge arriving at the detector and those that rely on multipliers to function. Direct 
measurement detectors such as the Faraday cup are capable of quantitative readings of 
intensity for isotope analysis but have limited applications and will not be described 
further here. Employment of multiplier detecto~ which rely on electron multiplication 
to amplify the ion signal, is desirable for most modes of use due to the capabilities for 
single-ion detection and rapid scanning. Multiplier detectors are not capable of 
accurate measurements of ion intensity as the gain of the system is partially dependent 
on the structure of the ion impinging on the first dynode or plate. 
3.5. (ii) Electron Multipliers. Discrete dynode electron multipliers consist of a series 
of approximately twenty copper/berylliwn or aluminium plates which are connected by 
a series of resistors and give a maximum gain of typically 10' which allows single-ion 
detection. An ion striking the first dynode causes the emission of secondary electrons 
which are accelerated to the next electrode by a negative potential of up to -5 kV 
applied across the whole of the electron multiplier unit. Field emission may be 
observed as high noise intensity at elevated voltage values, normally above a value of 
200 V between each dynode. Each electron generates more secondary electrons on 
impact with the next dynode in the series and this process is repeated until the final 
plate is reached which is connected to a variable amplifier, typically held at ground 
potential. The amplified signal is transferred to the data system for storage. The most 
68 
Chapter 3: Mass Analysers and Ion Detection 
common type of electron multiplier is the Venetian blind which is employed in post 
acceleration detectors (PAD). Electron multipliers have limited lifetimes due to the 
reduction of maximum gain by sample contamination and the effects of high charge on 
the final dynodes. 
Channel electron multipliers (CEM) are made of a continuous dynode of lead doped 
glass which generates high secondary electron emission intensities whilst remaining 
electrically resistive [23]. The two electrodes at either end of the CEM have an 
electrical potential applied across them which maintains a uniform voltage across the 
device. Figure 3.9 shows a cut-off cross section schematic of a straight CEM. 
-kV 
Channel ElectroD Multiplier (CI'OII Iedioa) 
Secondary 
EledroDJ 
Figure 3.9, 
Cross sectional Representation of a Channel Electron Multiplier. 
An ion striking the inner surface of the CEM promotes the emission of secondary 
electrons. These electrons are accelerated by the field and collide with the opposite 
side of the wall, generating further electron multiplication. The output electron charge 
is measured by a separate plate at the end of the tube. The maximum operating gain, a 
function of the length-to-width ratio of the tube, is approximately 1 ~ due to the 
negative ion feedback at higher values which may generate spurious noise. Multiple 
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smal1 (approximately 1 0 ~ diameter) CEM devices are fixed in parallel to generate 
microchannel plate (MCP) detectors [24,25]. MCP detectors, often consisting of two 
plates arranged in chevron to reduce ion feedback, are commonly employed in TOF 
instruments and array detection [26]. 
3.5. (iii) Photomultipliers. Photomultiplier detectors are identical to electron 
multiplier detectors except that they are enclosed by a sealed glass vacuum envelope 
and have a photocathode as the first electrode which is coated on the inner surface of 
the glass. Secondary electrons are generated and accelerated towards an electron 
multiplier by the photocathode when photons impinge upon it. The photomultiplier is 
extremely stable with respect to time due to the high vacuum clwacteristics but has 
inherently high noise levels which may be reduced by use of a scintillator as the source 
of photons. 
3.5.{iv) Scintillator Detectors. Accelerated ions striking a scintillator, typically a 
phosphor screen with a sputter coating of aluminium (which foons a conducting 
surface), generating photons which are detected by a photomultiplier forms the basis of 
operation of the Daly detector [27], a scintillator detector. A similar device is 
employed for the detection of positive and negative ions in the Quattro II mass 
spectrometer (Figure 3.10). 
Ions are accelerated on to an aluminium coated stainless steel conversion dynode by an 
electrical potential of 5 kV and the secondary electrons generated are drawn to the 
phosphor screen which is at 6 k V above ground potential in positive ion mode The 
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photons produced by electrons impinging on the screen are detected by the 
photomultiplier. The applied potentials to the dynode and phosphor screen in negative 
ion mode are -5 kVand 3 kV respectively which gives approximately 3-5 times lower 
efficiency of detection than for positive ions. 
Ion 
Beam 
Aluminwn 
Coated 
Dynode 
'Altrinclwn' Lens 
\ 
Phosphor 
Screen 
Electrms 
Figure 3.10. 
Schematic of the Scintillator Detector (MSl) of the Quattro II. 
3.5. (v) Post Acceleration Detectors. The secondary ion yield when an ion impinges 
upon a dynode is proportional to the velocity rather than energy of the ion and 
therefore the detection efficiency of high mass charged species is significantly reduced 
if the accelerating potential is held constant. The detection of high molecular weight 
clw-ged species is improved if a PAD is employed. This device (Figure 3. II) consists 
of an off-axis target (P AD electrode) which is held at high electrical potential (-8 to 
-30 kV) and a discrete dynode electron multiplier. 
Ions focused through the ion exit slit of the mass analyser are accelerated onto the 
PAD electrode and the secondary electrons hastened towards the electron multiplier. 
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The addition of a curved PAD electrode enhances the focusing of electrons onto the 
electron multiplier. In negative ion mode (on sector instruments), ions may be 
decelerated onto the PAD electrode and still generate secondary electrons but the 
detection efficiency is reduced. 
loa 
Beam 
PAD Electrode 
'" "'" ////////// 
""""" ////////// 
,\\\\\\\\\ 
Electroa Multiplier 
Figure 3.11. 
Schematic or a Post Acceleration Detector. 
3.5. (vi) A"ay Detectors. The most efficient detector would be capable of recording 
the intensities of all the ions instantaneously. Although this is not possible in most 
sector instruments due to the configuration and scanning characteristics, an array 
detector may be employed to detect large proportions of the mass range at one instant 
in time [28]. The detection limits have been found to improve by a factor of 
approximately 100 when the final point detector of a four sector mass spectrometer is 
replaced by an array detector [29]. Product ion spectra of peptides have been obtained 
in the femtomole range by means of a four sector mass spectrometer fitted with an 
array detector [30]. The most common array detectors combine MCP detector1 with 
photodiode or charge-coupled device (CCD) technology to record ion intensity valu . 
The advantage of the CCD array detector is the fast response time which enabI the 
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mass spectrometer to be scanned as for the collection of data on a point detector [31]. 
A photodiode array detector is scanned across the mass range of interest in a stepwise 
manner and the resulting information is 'stitched' by the data system. 
A schematic of the scanning array detector of the Concept [32] is Figure 3.12. The 
incoming ion beam impinges on the inner wall of one or more of the CEM devices of 
the first of two MCP detectors, which are touching and arranged in chevron, 
generating secondary electrons. The first MCP detector has a fixed focal plane at 30° 
to the direction of the incoming ion beam. Each MCP is constructed of 1048 channels 
and together they are capable of detecting ± 2 % of the mass range simultaneously 
with an approximate gain of 107 when the maximum electrical potential of 1.2 kV is 
applied across them. Secondary electrons exiting the second MCP are accelerated by a 
voltage of 3 k V onto the phosphor screen, generating photons which are transmitted 
by means of fibre optic cables to the CCO array which is external to the vacuum. The 
CCO array converts photons to charge and consists of 1152 pixels which are each 
capable of accumulating the charge resulting from 1 <t -lOS ions before saturation [33]. 
A Peltier device is employed to cool the CCD to -20°C, thereby reducing dark 
current. Each pixel of the CCD array is approximately 25 J.1Ol wide and 2.5 nun long 
and takes a few microseconds to read, by measuring the c1wge required to neutralise 
that accumulated by the device over 10-40 ms. These data are transferred to the data 
system and are treated as those from a point detector. A resolution of between 500 
and 3000 (10010 valley definition) is accessible depending on the conditions. 
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Microchannel plate 
multipliers 
Phosphor screen 
Figure 3.12. 
...... 
... 
Schematic or the Scanning Array Detector or the Concept. 
The array detector of the ZAB-T is essentially the same as that shown in Figure 3. 12 
except that the CCD is replaced by a photodiode array [34]. The MCP detectors are 
comprised of over 3000 channels and have a length of 76 mm in the dispersive plane. 
They can detect a ratio of 1.225:1 of the mass range simultaneously when at a 30° 
angle to the ion beam and the collision cell is floated at a value of 4 k V. At the 
maximum angle of 90°, under the same conditions, the array is capable of 
encapsulating a ratio of 1.4: 1 of the mass range instantaneously but the resolution is 
highly degraded. Electrical potentials of 1.75 kV and 4 kV are held between the MCP 
detectors and on the phosphor screen respectively. The photons emitted by the 
phosphor are converted to charge by two 1024 channel photodiode arrays that are 
stitched together. The data system removes the image of the seam of the arrays from 
the data aniving at the computer. 
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CHAPTER 4. 
TANDEM MASS SPECTROMETRY. 
Chapter 4: Tandem Mass Spectrometry 
4.1, Introduction to Collisional Activation. 
The determination of molecular structure by mass spectrometry reqwres that 
structurally infonnative fragments of the molecular ion are generated. The dissociation 
of the molecular ion may be induced during ionisation or by another means of 
excitation. Structural analyses of low molecular weight samples may be performed by 
means ofEI-MS as fragment ions are typically formed in the source as a consequence 
of the high amounts of internal energy transferred to the sample in the ionisation 
process. As the mass and/or involatility of the analyte increases, however, EI is often 
an unsuitable ionisation technique and desorption methods must be used to generate 
gas phase ions. Furthermore, desorption ionisation techniques generate predominantly 
molecular ions or cationated molecule ions with little fragmentation and therefore 
structurally informative data are often not obtained. Fragmentation may be effected by 
means of collisional activation of an ion with inert gas atoms such as helium, argon or 
xenon, resulting in collision induced dissociation (CID), sometimes called collisionally 
activated decomposition (CAD) [1,2]. 
The yield of dissociation products from collisionally activated ions is controlled by the 
probability of unimolecular decomposition of the excited precursor ion. The rules of 
these reactions are usually explained in tenns of the quasi-equilibriurn theory (QET) 
which postulates that the internal excitation energy is distributed randomly over all the 
vibrational modes of the ion [3,4,5,6,7]. The rate of dissociation of. precursor ion is 
therefore related to the probability of particular vibrational modes acquiring enough 
energy for bond cleavage. The ions observed in the mass spectrum consequently arise 
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from a series of competing and consecutive unimoleodar decomposition reactions 
originating from the molecular ion. The rate of each reaction is dependent on the 
internal energy of the system. Furthermore, as there are 3N-6 vibrational modes in a 
molecule of a given species made up of N atoms, the number of modes usually 
increases as the molecular weight (RMM) gets larger. The average energy per mode 
should therefore decrease as the RMM increases and hence lower fragmentation yields 
from the precursor ion are possible. Direct bond cleavages are predominantly 
processes of high critical energy which have high frequency factors whereas molecular 
rearrangement reactions require less energy but have low frequency factors. 
Factors that influence the distribution of fragment ions include acquired internal 
energy, reaction time, method of energy uptake, scattering of ions after collision and 
angle of ion collection [4,8,9,10]. The method of activation controls the internal 
energy uptake of the ion. These activation pathways are normally divided into two 
categories: those of high and low energy collisions. High energy collisions are usually 
defined as those occurring in the kiloelectron volt range [1,2,8,9,10,11,12,13] whereas 
low energy collisions occur in the region of 0-200 eV [10,12,13,14,15,16,17]. Both of 
these collision ranges have been utilised in the present work: high energy collisions on 
a four sector mass spectrometer and low energy collisions on both a four sector and a 
tandem quadrupole instrument (See Chapter 5). 
CID is considered to be a two step process that occurs over well separated time scales 
[9.10.18]. The first step is excitation of the precursor ion (mi·) by collisional 
activation which has a time scale in the region of 10-1~-10·J) s. Fast moving polyatomie 
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ions involved in inelastic collisions with neutral gas atoms lose a portion of their 
translational energy. A small percentage of the lost translational energy is converted to 
internal energy of the precursor ion. This is followed by rapid randomisation of the 
excitation energy throughout all the degrees of freedom of the ground electronic state 
of the molecule, if the initial excitation is via vibrational mode£. The energetically 
excited precursor ion mt ~ then undergoes unimolecular dissociation to yield a 
fragment ion ~ + and normally a neutral molecule II1:J if the precursor ion is a 
protonated species. This process is shown below in Equation 4.1. A radical 1I1:J" and 
fragment ion ~ + are predominantly generated when mt + is a radical cation. Further 
losses of neutrals are possible from ~ + to generate fragment ions of lower mass in 
both cases. 
m+ 
I 
CA (Equation 4.1) 
Tandem mass spectrometry (MSIMS) is employed as a tenn to describe a technique in 
which two mass spectrometers are combined in tandem. In this process, ions 
generated in the source are selected by the first mass spectrometer (MS 1) and passed 
into the collision region where collisional activation is typically induced by collision 
with an inert gas. The fragments generated are passed by the second mass 
spectrometer (MS2) to the detector to generate the mass spectrum. Furthermore, 
MSIMS experiments may be perfonned by means of IT -ICR and ion trap instruments 
in a single mass analyser. 
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4.2. High Energy CoUision Induced Dissociation. 
4.2. (i) Instrumentation. High energy collisional activation is only attainable over a 
large mass range (up to approximately 3500 Da) on magnetic sector and some hybrid 
instruments. These instruments include two sector (BE and EB), three sector 
(typically EBE or BEE) and four sector mass spectrometers (EBEB and BEBE). The 
most favourable configuration for high energy MSIMS is that of two double-focusing 
sector mass spectrometers in tandem. The two mass spectrometers are separated by a 
field free region in which a collision cell is located. Precursor ions are selected by the 
first mass spectrometer (MS 1) and the product ions generated in the collision cell are 
passed by the second mass spectrometer (MS2) to the detector. High resolving power 
of both precursor and product ions is accessible as a consequence of the double 
focusing properties of the four sector instrument. F our sector mass spectrometers in 
which high energy experiments are performed become increasingly superior in 
performance over tandem quadrupole and hybrid instruments for analysing compounds 
with a mass-to-charge (mlz) ratio of above 1000. This is due to comparatively better 
ion transmission and product ion yield obtained in four sector instruments at higher 
mass. 
4.2.(;;) Mechanism of High Energy CID. The interaction time of the precursor ion 
with the target (10·" s) is an order of magnitude faster than the fastest molecular 
vibrations (10.14 s) and is closer to the Bohr period of an electron which is in the 
valence orbital of a polyatomic ion. The adiabatic criterion of Massey and Burhop 
asserts that the duration of collisional interactions should be comparable to that of 
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excitation [19]. Consequently, the collisions of ions at high energies are expected to 
result from electronic excitation. The electronic excitation energy is rapidly converted 
to vibrational energy prior to randomisation. Furthermore, as the mass of the 
precursor ion increases, the interaction time with the collision gas is also increased if 
the translational energy of the system is constant and thus the excitation mechanism of 
CID is more likely to be via vibrational modes. 
The broad distribution of internal energies that are deposited into the molecular ion by 
high energy collisional activation is presumed to indicate a change of excitation 
mechanism from vibrational to electronic excitation [20]. A smooth distribution of 
internal energies is observed with a maximum at low energy (1-3 eV) and also a high 
energy 'tail' of low intensity up to approximately 15 e V [21,22,23]. 
4. 2. (iii) Collision Gas Effects. Helium has commonly been employed as the collision 
gas as the scattering of lighter fragment ions is minimised and the main excitation 
process is believed to be electronic [24,25,26]. Argon was proved to be more 
efficient, however, as the collision gas for the activation of molecular ions from 
biopolymers with RMM above 1000 Da [27,28,29,30]. Argon also enhances the 
production of fragment ions resulting from high energy decomposition pathways, often 
called charge remote fragmentations [31,32]. It is therefore presumed that vibrational 
excitation plays a more important role for precursor ions of higher RMM. 
83 
Chapter 4: Tandem Mass Spectrometry 
The maximum amount of kinetic energy available for conversion to internal excitation 
energy of the precursor ion, the centre-of-mass kinetic energy Eca.c, is given by 
Equation 4.2. 
(Equation 4.2) 
where Ew, is the kinetic energy of the precursor ion in the lab frame and fI\ and 11\ are 
the masses of the target gas and the precursor ion respectively. The value of Ecou will 
therefore increase with Ew, or fI\ and is approximately inversely proportional to the 
mass of the precursor ion. 
The increase in ECOM is close to linearity with the value of D\ when Ew, and 11\ are 
constant and 11\<11\ which suggests that heavier collision gases are preferable if 
scattering is not a factor. The impulsive collision theory (lCT) [33] suggests that the 
value of the average internal energy uptake Q may be calculated from Equation 4.3. 
Q -E 2m.mt 
- COM ( + )2 m. mt 
(Equation 4.3) 
where Ill. is the average mass of the atoms in the precursor ion. The value of Q is 
therefore greater when argon is replaced by helium for a given ECQt.4o The amount of 
ECOM increases by approximately an order of magnitude for an ion of greater than 1000 
Da when argon is used instead of helium, however, so that the value of Q is increased 
by a factor of approximately 5 ° 
84 
Chapter 4: Tandem Mass Spectrometry 
A collision gas pressure that reduces the precursor ion transmission to 20-30-;' is 
typically employed in high energy em as this usually gives rise to optimum fragment 
ion yields [34]. This value for the attenuation of the ion beam corresponds to multiple 
collision conditions [35,36]. 
4.2.{iv) Linked Scans. The translational energy of a fragment ion ~+ generated from 
mt + in the field free region of a sector mass spectrometer, in an earthed collision cell, is 
given by Equation 4.4: 
Energy = (:~) Vaoce (Equation 4.4) 
The linked scan typically employed to pass an ion beam resulting from these 
dissociations occurring in the first or third field free region of a two or four sector 
mass spectrometer respectively is therefore 
D 
- = constant 
E 
(Equation 4.5) 
and is commonly termed the DIE linked scan. All product ions generated from a 
selected precursor are transmitted when D and E are scanned such that the DIE ratio is 
constant. The apparent yield of low mass fragment ions is low when the DIE linked 
scan is employed. This is due to the low transmission efficiency through sector 
anaIysers at kinetic energies lower than the optimum values. The velocity of these ions 
is also low which causes a reduction in the efficiency of detection. Furthermore, 
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scattering of fragment ions becomes more important when collision gases of higher 
RMM are employed. 
The extra energy of the lower mass fragment ions obtained from floating the collision 
cell at a value of V cell above ground potential gives a greater detection efficiency and 
reduces the losses due to scattering in the collision cell which is especially important 
when target gases such as argon are employed [37]. The reduction in collision energy 
is more than compensated for by the increase in the average number of collisions and 
hence the larger value of Ecou [29,32,39]. The energy of fragment ions ~ resulting 
from fragmentations in a collision cell floated at V oeJJ above ground potential after 
reaccelleration by V cell is given by 
Energy of ions ~ = EooU (m/m.) + Ecell (Equation 4.6) 
where EoeU is the extra energy imparted to the fragment ions on reaccelleration. A 
linked scan of constant BIE can no longer be used when the collision cell is floated 
above ground potential to collect the ions resulting from decomposition in the collision 
cell. If B. and BJ are the magnetic fields which transmits the precursor ml , which has 
full kinetic energy eV IIX and momentum (2m.eV IIXt'l, and the product ion ~ 
respectively, the ratio of B/B. may therefore be expressed as 
(Equation 4.7) 
86 
Chapter 4: Tandem Mass Spectrometry 
where V wx is the full accelerating voltage [38]. The electric sector field strengths 
required to transmit m t and ~ are El and t; respectively when the collision cell is 
floated at potential at V gcfJ and their relationship is 
(Equation 4.8) 
Eliminating (m/mJ from Equations 4.7 and 4.8 generates the linked scan law for a 
mass spectrometer with a collision cell floated at V gcfJ above ground potential [40,39]: 
(Equation 4.9) 
Furthermore, if the collision cell is held at earth potential (Voell = 0), Equation 4.9 
reduces to DIE = constant. 
Precursor ion scans may be implemented on a two sector mass spectrometer by 
employing a D21E linked scan to give a precursor ion resolution of a few hundred at 
best [40] at kiloelectronvolt collision energies. The obtainable pre=ursor ion resolution 
may theoretically be increased by utilising a four sector mass spectrometer. There are 
two possible approaches of employing MS 1 and MS2 from these instruments for 
. precursor Ion scans. 
The first method demands both magnets to be scanned simultaneously in opposite 
directions. This approach is problematical due to the difficulty in controlling the 
relationship of the magnetic field strengths. The second method requires MS2 to have 
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a wide energy acceptance and utilises a floated collision cell and has been implemented 
successfully on a four sector mass spectrometer [41]. This approach is discussed 
further in Section 5.3. 
4.3. Low Energy Collision Induced Dissociation. 
4.3. (i) Instrumentation. Low energy eID is typically perfonned on tandem 
quadrupole of QqQ, QhQ or QoQ geometry (where q, h and 0 are radio-frequency 
(r.f) only quadrupole, hexapole and octapole collision cells respectively) and hybrid 
instruments of BEqQ or EBqQ geometry. 
In a tandem quadrupole instrument the first quadrupole, QI' selects precursor ions 
from the source and the third quadrupole, Q2' passes product ions generated in the 
collision cell. The collision cell is a multipole (q, h, 0), operated with no d.c. voltage 
applied which gives the non-mass selective ion containment required for low energy 
collision processes. The srnall r.f voltage employed generates the high transmission 
conditions of the collision cell. Both mass anaIysers may be operated by normal 
quadrupole mass spectrometric techniques due to the inherent separation of ions by 
m/z ratio. These instruments normally offer collision regimes in the order of 0-200 e V 
and a maximum mass range ofapproximateiy m/z 4000. 
Tandem quadrupole mass spectrometers offer unit mass resolution for precursors and 
product io~. One advantage of tandem quadrupole instruments over four sector 
instruments is the simple modification of the MSIMS experiment. Precursor ion and 
88 
Chapter 4: Tant:km Mass Spectrometry 
constant neutral loss scans are more facile on a tandem quadrupole instrument under 
computer control with unit mass resolution for both precursor and product ions. In the 
precursor ion scanning experiment, Q1 is scanned to pass all precursor ions that 
generate the product ion in the collision cell. The product ion is passed by a set value 
ofQ2' The constant neutral loss scan requires both Q1 and Q2 to be ~ passing 
ions of masses that differ by a constant value simultaneously. 
Radiofrequency-only multi poles are employed as collision cells in tandem quadrupole 
and hybrid instruments due to their strong focusing capabilities for precursor ions and 
fragment ions generated by collision induced dissociations whilst in transit through the 
reaction region. Early designs of tandem quadrupole instruments typically employed 
r.f.-only quadrupole collision cells but recently have more commonly been replaced by 
hexapoles and octapoles used in r.f.-only mode [42,43]. 
Hexapole collision cells are made of six uniformly spaced rods which confine most 
masses to a region close to the centre of the axis when used in r.f.-only mode whereas 
ions follow a more complicated path in a r.f-only quadrupole collision cell [44]. As a 
consequence, the tuning is comparatively simple for r.f-only hexapole collision cells. 
Hexapoles operated in r.f.-only mode are more suitable for MSIMS experiments in 
tandem quadrupole instruments than quadrupoles as the low mass fragments that have 
unstable trajectories in r.f-only quadrupoles are passed by a hexapole [46]. This is 
especially true at low collision energies and/or for precursor ions of high mlz ratio 
[46]. 
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4.3.(;;) Mechanism of Low Energy CID. The residence time of ions in a r.f-only 
multipole collision cell is typically at least an order of magnitude longer than in the 
reaction region of a sector instrument. Furthermore, the interaction time of an ion 
with a gas atom or molecule is longer than the period of an electronic internal mode 
and therefore collisional activation is unlikely to occur by electronic excitation. The 
duration of these interactions is, however, comparable to the inverse of the frequency 
of vibrations. As a consequence, vibrational excitation is presumed to occur as a result 
of momentum transfer collisions between the target gas and atoms of the projectile ion 
[45]. The maximum internal excitation energy ECOM available under low energy 
conditions is 
E - Elabmt COM- [ mi + mt (m/mip) ] 
(Equation 4.10) 
where m., is the impact portion of the projectile ion ~ [46]. The efficiency of 
collisional activation is dramatically reduced for singly charged ions of mass ~ of 
greater than 1000 Da [47]. The maximum internal energy deposited by collisional 
activation is low but is a high efficiency process. Charge remote fragmentations are 
not normally observed unless the collision energy is very high (> 200 eV) [48] due to 
the narrower range of internal energies deposited by low energy collisional activation 
[25]. 
4.3. (i;;) Collision Gas Effects. The choice of collision gas is important for low energy 
collisional activation as a consequence of the vibrational excitation mechanism. 
Furthermore, the value of ~ is increased when heavier collision gases such as argon 
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and xenon are employed [49,SO]. Higher collision gas pressures therefore give more 
efficient collisional activation as a consequence of the increased probability of multiple 
collisions [13]. 
4.4. Surface Induced Dissociation. 
An alternative to the excitation and fragmentation of selected molecular ions by means 
of collision with inert gases is that of surface activation. This technique was pioneered 
by Cooks and coworkers [SI,S2,S3] and is termed surface induced dissociation (SID). 
A variety of different processes can occur in ion-surface reactions including adduct 
formation, charge exchange, chemical sputtering and neutra1isation of the projectile ion 
[S4]. These processes are summarised in Table 4.1. 
Collision type Description Representation 
Elastic scattering Reflection + SA + m, • m, 
Inelastic scattering Surface-induced dissociation + SA + mt • mt 
Reactive scattering Charge exchange ml+ SA + , • m, 
Reactive scattering Charge inversion + SA. mt -m. 
- SA. + orm, mt 
Reactive scattering Ion-surface reaction m. + SA. mt + 
Reactive scattering Chemical sputtering + SA. A++m mt , 
Table 4.1, 
Types of Polyatomic Ion-Surface Collisions. 
SA Represents Surface (S) Covered by Adsorbate (A). 
The result when polyatomic ions collide with surfaces is dependent on the collision 
energy [SS]. The principal processes for different collision regimes and their 
applications are presented in Table 4.2. The reactions of interest for the present work 
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fall in the 5-1000 eV region and these scattering events are those shown in Table 4.1 
[55]. 
CoUision Energy (e V) Process Use 
<5 Chemical reactions Surface modification 
5-1000 Elastic, inelastic and reactive Ion and surface 
scattering characterisation 
1000-50,000 Nuclear sputtering Surface analysis 
>50,000 Electronic sputtering Surface and thin film analysis 
Table 4.2. 
Phenomena Observed in Polyatomic Ion-Surface CoUisions. 
Operation of this technique typically requires an instrument to be modified if it is 
nonnally employed for CID experiments. A metal target is placed at a focal point in 
the ion beam after MS 1 and the fragments ~ + resulting from activation of precursors 
mt+ on collision with the surface (Equation 4.3) are passed by MS2. 
(Equation 4.3) 
Ion-surface inelastic collisions have been implemented on several types of mass 
spectrometer including tandem quadrupole [55,56], time-of-flight [57,58], ion trap 
[59], Fourier transform-ion cyclotron resonance [60,61] hybrid sector-quadrupole 
[62,63] and tandem sector instruments [64,65,66]. Many of these instruments have 
required customisation of the mass anaIysers to enable SID experiments to be 
satisfactorily perfonned. In-line devices must be used for the routine application of 
SID in 'beam' instruments such as four sector mass spectrometers. 
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Whereas CID results in the deposition of a broad range of internal energies, including a 
high energy "tail", SID spectra are nonnally interpreted as arising from the deposition 
of a relatively narrow range of energies [67], the average value of which may be varied 
[68]. 
The ion excitation mechanism operating in SID depends on the nature of the surface 
and the collision energy [70]. Electronic excitation is prominent at low collision 
energies but vibrational activation becomes increasingly important as the collision 
energy nses. Vibrational excitation is the predominant process on collision with 
fluorinated surfaces whereas electronic excitation is possible with hydrogenated or 
deuterated surfaces, especially at low collision energies [70]. 
Recent work on SID has centred on the use of self-assembled monolayer (SAM) 
surfaces [69,70] as they are well characterised and easy to produce. Collisions 
involving SAM surfaces can lead to the deposition of larger internal energies in the 
precursor ion than is possible by interactions with metal surfaces [71]. More recently, 
Cooks et aI. have used a liquid perfluoropolyether (PFPE) surface for SID experiments 
to give superior results to SAM surfaces for ion-surface collisions [72]. Employing the 
liquid surface may present problems in instruments of low pumping power, however, 
as PFPE has a high vapour pressure. 
93 
Chapter 4: References 
1 K. R. Jennings, Int. J. Mass Spectrom. Ion Phys., 1,227 (1968). 
2 W. F. Haddon and F. W. McLafferty, J. Am. Chem. Soc., 90, 4745 (1968). 
3 P. J. Todd and F. W. McLafferty in Tandem Mass Spectrometry, (F. W. 
McLafferty, Ed.), Wiley, New York, chapter 7 (1983). 
4 K. Levson, Fundamental Aspects of Organic Mass Spectrometry, Verlag 
Chemie, Weinheim, New York (1978). 
5 A O. Brenton, R. P. Morgan and J. H. Beynon, Annu. Rev. Phys. Chem., 30, 
51 (1979). 
6 H. M. Rosenstock, M. B. Wallenstein, A Wahrhaftig and H. Ehring, Proc. 
Natl. Acad. Sci. USA, 38, 667 (1952). 
7 R. A Marcus and O. K. Rice, J. Phys. Colloid Chem., 55, 894 (1951). 
8 F. W. McLafferty in Tandem Mass Spectrometry, (F. W. McLafferty, Ed.), 
Wiley, New York, chapter 1 (1983). 
9 R. O. Cooks, Collision Spectroscopy, Plenum, New York (1978). 
10 K. Levson and H. Schwarz, Mass Spectrom. Rev., 2, 77 (1983). 
11 F. W. McLafferty, P. F. Bente m, R. Kornfield, S. C. Tsai and I. Howe, J. Am. 
Chem. Soc., 95, 2120 (1973). 
12 D. Despeyroux and K. R. Jennings in Biological Mass Spectrometry. Present 
and Future (T. Matsuo, R. M. Caprioli, M. L. Gross and Y. Seyarna, Eds.), 
Wiley and Sons, Chicester, England (1994). 
13 R. N. Hayes and M. L. Gross in Methods in Enzymology, Vol. 193: Mass 
Spectrometry (1. A McLoskey, Ed.), Academic Press, San Diego, chapter 10 
(1990). 
14 F. Kaplan,J. Am. Chem. Soc., 90, 4483 (1968). 
94 
Chapter 4: References 
IS R. A Yost and C. K. Enke, Anal. Chem., 51, 12S1A (1979). 
16 P. H. Dawson, 1. B. Frenc~ 1. A Buckley, D. J. Douglas and D. Simmons, 
Org. Mass Spectrom., 17,205 (1982). 
17 Z. Herman, J. H. Futrell and B. Friedric~ Int. J. Mass Spectrom. Ion Proc., 58, 
181 (1984). 
18 D. J. Douglas, J. Phys. Chem., 86, 185 (1982). 
19 H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic Impact 
Phenomena, Oxford University Press, Oxford (1952). 
20 S. A McLuckey, C. E. D. Ouwerkerk, A 1. H. Boerboom and P. G. 
Kistemaker, Int. J. Mass Spectrom. Ion Proc., 59, 85 (1984). 
21 V. H. Wysocki, H. I. Kenttimaa and R. G. Cooks, Int. J. Mass Spectrom. Ion 
Proc., 75, 181 (1987). 
22 M. S. Kim and F. W. McLafferty, J. Am. Chem. Soc., 100, 3279 (1978). 
23 H. I. Kentt!maa and R. G. Cooks, J. Am. Chem. Soc., 107, 1881 (1985). 
24 K. Bienmann and H. A ScobIe, Science, 237, 992 (1987). 
25 S. A Carr, B. N. Green, M. E. Hemling, R. Roberts, 1. Anderegg and R. 
Vickers, Proceedings of the 35th Annual ASMS Conference on Mass 
Spectrometry and Allied Topics, Denver, Colorado, 830 (1987). 
26 A. E. Ashcroft, R. A C. Buchanan, G. 1. Elliot, S. Evans, D. 1. Milton, B. 
Wright and F. C. Walls, Proceedings of the 36th Annual ASMS Conference on 
Mass Spectrometry and Allied Topics, San Francisco, California, 1156 (1988). 
27 J. Bordas-Nagy, D. Despeyroux and K. R. Jennings, 1. Am. Soc. Mass 
Spectrom., 3, 502 (1992). 
95 
Chapter 4: References 
28 J. Lemoine, B. Fom~ D. Despeyroux, K. R Jennings, R Rosenberg and E. 
De Hoffinann, J. Am. Soc. Mass Spectrom., 4,197 (1993). 
29 M. H. F1orencio, D. Despeyroux and K. R Jennings, Org. Mass Spectrom., 29, 
483 (1994). 
30 R. S. Bordoli and R. H. Bateman, Int. J. Mass Spectrom.Ion Proc., 122,243 
(1992). 
31 J. Adams, Mass Spectrom. Rev., 9, 141 (1990). 
32 M. L. Gross, Int. J. Mass Spectrom. Ion Proc., 118/119, 137 (1992). 
33 C. D. Bradley, J. M. Curtis, P. J. Derrick and B. Wright, Anal. Chem., 64, 
2628 (1992). 
34 J. L. Holmes, Org. Mass Spectrom., 20, 169 (1985). 
35 J. A. Laramee, P. Cameron and R. G. Cooks, J. Am. Chem. Soc., 103, 12 
(1981). 
36 C. E. D. Ouwerkerk, S. A. McLuckey, P. G. Kistemaker and A. J. H. 
Boerboom, Int. J. Mass Spectrom. Ion Proc., 56, 11 (1984). 
37 J. Bordas-Nagy, D. Despeyroux, K. R. Jennings and S. J. Gaskell, Org. Mass 
Spectrom., 27, 406 (1992). 
38 R. K. Boyd, Int. J. Mass Spectrom. Ion Proc., 75, 243 (1987). 
39 R. K. Boyd, D. J. Harvan and 1. R. Bass, Int. J. Mass Spectrom. Ion Proc., 65, 
273 (1985). 
40 V. H. Wysocki and M. M. Ross, Int. J. Mass Spectrom. Ion Proc., 104, 179 
(1991). 
41 1. H. Scrivens, K. Rollins, R. C. K. Jennings, R. S. Bordoli and R. H. Bate~ 
Rapid Commun. Mass Spectrom., 6, 272 (1993). 
96 
Chapter 4: References 
42 J. E. P. Syka and I. Szabo, Proceedings of the 36th Annual ASMS Conference 
on Mass Spectrometry and Allied Topics, San Francisco, California, 1328 
(1988). 
43 J. J. Monaghan and B. Wright, Proceedings of the 36th Annual ASMS 
Conference on Mass Spectrometry and Allied Topics, San Francisco, 
California, 819 (1988). 
44 C. Hag and I. Szabo, Int. 1. Mass Spectrom. Ion Proc., 73, 295 (1986). 
45 D. J. Douglas, 1. Phys. Chem., 86, 185 (1982). 
46 R. K. Boyd, E. E. Kingsto~ A. G. Brenton and J. H. Beyno~ Proc. R Soc. 
London, A392, 89 (1984). 
47 D. F. Hunt, Y. R. Yates ill, J. Schabanowitz, S. Wmsto~ and R. C. Hauer, 
hoc. Natl. Acad Sci. USA, 83, 13 (1986). 
48 A J. Alexander, P. Thibault, R. K. Boyd, J. M. Curtis and R. L. ~ Int. 
1. Mass Spectrom. Ion Proc., 98, 107 (1990). 
49 J. A. Nystrom, M. M. Bursey and J. R. Hass, Int. 1. Mass Spectrom. Ion Proc., 
55, 263 (198311984). 
50 M. M. Bursey, J. A Nystrom and J. R. Hass, Anal. Chim. Ac/a., 159,265 
(1984). 
51 R. G. Cooks, T. Ast and J. H. Beyno~ Int. 1. Mass Spectrom. Ion Phys., 16 
348 (1975). 
52 R. G. Cooks, D. T. Terwilliger, T. As!, J. H. Beynon and T. Keough, J. A •. 
eMIII. Soc., 97, 1583 (1975). 
53 Md. A Mabud, M. J. Deluey and R. G. Cooks, Int. 1. Mass Spectrom. Ion 
Phys., 67, 285 (1985). 
97 
Chapter 4: Referenas 
54 R. G. Cooks, T. Ast, and Md. A. Mabud, Int. J. Mass Spectrom. Ion hoc., 
100, 209 (1990). 
55 V. H. Wysocki, J.-M. Ding, J. L. Jones, J. H. Callahan and F. L. King, J. Am. 
Soc. Mass Spectrom., 3, 27 (1992). 
56 S. Le Meillour, R. Cole, F. Clairet, F. Founier, J.-C. Tabet, T. Blasco, C. 
Beaugrand and G. Devant, Adv. Mass Spectrom., II~ 236 (1989). 
57 G. Li, A Duhr and H. Wollnik, J. Am. Soc. Mass Spectrom., 3, 487 (1992). 
58 E. R. Williams, G. C. Jones, Jr., L. Fang, R. N. Zare, B. J. Garrison and D. W. 
Brenner, J. Am. Chem. Soc., 114, 3207 (1992). 
59 S. A Lammert and R. G. Cooks, J. Am. Soc. Mass Spectrom., 2, 487 (1991). 
60 E. R. Williams, K. D. Henry, F. W. McLafferty, J. Shabonitz and D. F. Hunt, 
J. Am. Soc. Mass Spectrom., 1,413 (1990). 
61 C. F. Ijames and C. L. Wilkins, Anal. Chem., 62, 1295 (1990). 
62 M. J. Dekrey, Md. A Mabud, R. G. Cooks and J. E. P. Sy~ Int. J. Mass 
Spectrom. Ion Proc., 67, 295 (1985). 
63 D. E. Riederer, Jr., S. A Miller, T. Ast and R. G. Cooks, J. Am. Soc. Mass 
Spectrom., 4, 938 (1993). 
64 A D. Wright, D. Despeyroux, K. R. Jennings, S. Evans and A Riddoch, arg. 
Mass Spectrom., 27, 525 (1992). 
65 R. A Chorush, I. Vidalsky and F. W. McLafferty, Org. Mass Spectrom., 28, 
1016 (1993). 
66 K. L. Schey, D. A. Durkin and K. R. Thornburg, 1. Am. Soc. Mass Spectrom., 
6, 257 (1995). 
98 
Chapter 4: References 
67 M. J. Dekrey, H. I. Kenttamaa, V. H. Wysocki and R. G. Cooks, Org. Mass 
Spectrom., 21, 193 (1986). 
68 M. Vmcenti and R. G. Cooks, Org. Mass Spectrom., 23, 317 (1988). 
69 V. H. Wysocki, J. L. Jones and J.-M. Ding, J. Am. Chem. Soc., 113, 8970 
(1991). 
70 B. E. Winger, R. K. Julian Jr., R. G. Cooks and C. E. D. Chidsey, J. Am. 
Chem. Soc., 113, 8967 (1991). 
71 M. R. Morris, D. E. Riederer, Jr., B. E. Wmger, R. G. Coo4 T. Ast and C. E. 
D. Chidsey, Int. J. Mass Spectrom. Ion Proc., 122, 181 (1992). 
72 T. Pradeep, S. A Miller and R. G. Cooks, J. Am. Soc. Mass Spectrom., 4, 769 
(1993). 
99 
Chapter 5: /nstrvmenlation 
CHAPTERS. 
INSTRUMENTATION. 
5.1. Introduction. 
The four instruments employed in the present work are described below. Two four 
sector tandem mass spectrometers were applied to the study of fragmentations effected 
by SID and high energy CID. SID experiments at low collision energies (lab frame) 
were performed on the Concept IT lllI instrument. The ZAB-T was employed for high 
energy mass spectrometry and tandem mass spectrometry. Low energy MS/MS 
spectra were obtained from ions generated by electrospray ionisation (ESn by means 
of the Quattro IT tandem quadrupole instrument. The TOFSPEC was used to analyse 
ions formed by means of matrix-assisted laser desorptionlionisation (MALOn. 
5.2. The Kratos Concept n DB Four Sector Tandem Mass Spectrometer. 
All SID experiments were carried out in a Concept IT lll-I four sector tandem mass 
spectrometer (Figure 5.1) of forward geometry (EIBI~J operating at an accelerating 
voltage of8 kV. The upper mass limit of both the first and second mass spectrometers 
(MS I and MS2 respectively) at this accelerating potential is 10,000 Da with a 
maximum resolving power of 100,000 for MSI and >10,000 for MS2 (earthed 
collision ce11) when a linked scan at constant DIE and the final point detector (P AD4) 
are employed in MSIMS mode. MS I and MS2 are modified N'&er-Johnson geometry 
double-focusing instruments consisting of 9()0 electric sectors of radius 381 mm and 
6()0 inhomogeneous field magnetic sectors of radius 686 mm. 
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All samples were ionised by means of LSIMS ionisation, with a Kratos caesium ion 
gun (Figure 2.S) operated at IS kV and a gun current of 1 rnA Mass selection of 
precursor ions was performed using MS 1. Optimum transmission of the precursor 
ions was obtained by carefully adjusting the voltages on the focusing and deflecting 
electrodes of the collision cell (called the "Flexicell") situated in the third field-free 
region between MSI and MS2 (Figure S.2). The collision cell voltage was set to 7800 
V with respect to earth potential to give a precursor ion beam translational energy of 
200 eV. The indicated pressure in the collision region was approximately lx10·7 Torr 
,/ 
+w 
PAD) 
MoaitorSUt 
<P SUt) 
I 
Ion Bam 
Figure 5.1. 
Sova SIIt_~=1==----1 (MSl) 
Soarce R.epa. ./ 
Schematic or the Kratol Concept II HH Four Sector Mass Spectrometer. 
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in each of these experiments. The collision cell also has a series of lenses after the 
collision region so that scattered ions can be re-focused into the electrostatic analyser 
ofMS2. 
In order to carry out SID experiments the gas collision cell in the third field-free 
region, which forms the central section of the " Flexicell ", was removed and replaced by 
• 
,r 
.. - II 
---II 
PAD I 
CeIIoMr 
..... 
PAD 2 
c.e....r 
..... 
U I' 
CeMooI.-~ I ........ , 011 OlIn , yr-. U 
........ 1 
Y"""I 2 Z~2 , 001lIo6. 011 10 Y~4 14 
Z"""I J YP_I 7 011 OlIn II ZIWIIoII.J U 
Y~2 
• 
Y~J 12 ..... ~ 
" 
ZP_I 4 YP_2 YP_J .... W2 
Figure 5.2. 
Schematic of the CoUision Region ("FlexiceU") of the Concept. 
1"------_ Probe Shaft 
~__ Surface 
r-;---t-4--- DeGecdan 
EIedroda 
Figure 5.3. 
The CoUision Cell Modified for SID. 
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a specially-designed SID unit (Figure 5.3) [1]. This includes a group of three stainless 
steel electrodes to the first of which a voltage of 8-14 V was applied so that it deflects 
the precursor ion beam on to a polished stainless steel surface. The third electrode 
carried a similar voltage to deflect the various fragment ions fonned in the SID process 
into the second electric sector. The second electrode acts as a guard electrode and 
therefore was at the potential of the "Flexicell". A linked scan (Equation 4.9) of the 
electric and magnetic fields of MS2 was then employed to obtain the SID mass 
spectrum. A scan speed of lOs decade- t was used. Detection of fragment ions was 
effected by a 25 nun scanning array detector (Figure 3.12). The array detector and 
P AD4 are interchangeable as the final detector in the focal plane of MS2. The 
repositioning of the detectors is effected by means of a mechanical linear drive 
operating on a sliding seal. The acquisition and processing of mass spectra was 
accomplished by a MACH 3 data system (Kratos Analytical, Manchester, U.K.) and 
15-18 individual scans were summed to obtain the spectra. 
5.3. The ZAB-T Four Sector Tandem Mass Spectrometer. 
High energy MS and MS/MS experiments were effected by means of the ZAB-T four 
sector tandem mass spectrometer of reverse geometry {B.EtBzE.J (Figure 5.4). 
Double-focusing in MS 1 is effected by a 350 magnetic sector B\ of 660 nun radius and 
a 81 0 electric sector E. of 380 nun radius which has an upper mass limit of 15,000 Da 
and a maximum resolving power of 125,000 at an accelerating potential of 8 kV. 
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MS2 (B~ is a Mattaucb-Herzog reverse geometry focal plane instrument. It may be 
employed as the second stage in MSIMS experiments or as a standalone instrument to 
analyse ions generated in the second source (Source 2). The second magnetic sector 
Bl has the same specifications as B) and hence a maximum operating mass limit of 
15,000 Da at an accelerating potential of 8 kV. The second electrostatic analyser (EJ 
is of novel inhomogeneous design (Figure 5.5) which, by varying the voltages applied, 
Y FOCUII'DII 
\ ZIlIII 
Sourced \ / 
" 
D / ""-,- Z F:""'" 
I Saurco Slit MS 1 
Collisioo Cell 1 
ZAB-T 
"'-. 
Z FOGUIIDaf' 
PAD 1-
PAD2 -
Variab1e Potential _ 
Collisioo Cell 
Sourac Slil MS2--
Pbotodiodc __ 
Array Detector 
PADJ -
Figure 5.4, 
Schematic of the ZAB-T Four Sector Mass Spectrometer. 
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can change the focal point, focal-plane angle and focal-plane flatness ofMS2 [2] . The 
electric field E of this electric sector is described by the quadratic equation below 
(Equation 5.1) [3]. 
(Equation 5. 1) 
The normal field of an electric sector is represented by E.. The focal length is 
controlled by the ElY tenn and the value of E~ determines the double focusing 
properties of MS2. The E~ term retains the flatness of the ion beam. All of these 
terms may be varied so that the ion beam is focused on to the array detector or the 
final point detector (PAD3). The flexibility is such that the array detector may be fixed 
at any angle between 0 and goo relative to the direction of the ion beam while the 
collision cell is floated above or is held at ground potential. The mass range which is 
simultaneously analysed may be narrowed by rotating the array detector away from the 
direction normal to the ion beam trajectory and adjustment of the electric field of~ . 
• 
Figure 5,5, 
Tbree-Dimensiooal Represeotatioo or the InbomogeoeoUJ Electric Sector. 
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In the present work, ions generated in the source were accelerated by a voltage of 8 
kV. Mass spectra were acquired on the point detector (PAD2) in the third field-free 
region of the instrument. Precursor ions for product ion scanning experiments were 
selected at greater than unit mass resolution (10010 valley definition) by means of MS 1 
(BIEI). The ion beam was attenuated by 80 % with argon at 4 keY collision energy in 
an electrically floated collision cell. The fragment ions formed were re-accelerated by 
an energy of 4 keY and passed to the detector by a stepped linked scan (Equation 4.9) 
of MS2. The 75 mm photodiode array detector in the fifth field-free region of the 
instrument was set at an angle of 300 to the incoming ion beam to give a mass ratio of 
1.225: 1. Acquisition of 3-10 scans under control of the OPUS data system (YG 
Organic, Manchester, U.K.) was used to produce the fragment ion spectra. 
The wide energy acceptance of MS2 on the ZAB-T instrument was employed to 
implement precursor ion scanning with the electrically floated collision cell and a 
collision energy of2 keY [2]. 
For decompositions occurring in the collision cell in field free region three (FFR3) 
between MS 1 and MS2, the energy (E.......J of the product ion ~ is given by 
Equation 5.2: 
(Equation 5.2) 
Where M"....... is the mass of the precursor io~ V R is the ratio of the electrical 
potential on the gas cell to the accelerating potential (V -IV .J and E. is the energy of 
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the precursor ion before collision. An accelerating potential of 8 kV and a cell voltage 
of 6 kV gives a value of 0.75 for VR: Furthennore, the energy of the product ion is 
therefore: 
8 kV ~ Eproduct :s; 6 kV (Equation 5.3) 
This can be represented as a ratio: 
1. 3 3 ~ Eproduct :s; 1. 0 (Equation 5.4) 
The full energy transmission of MS2 is 1.34: 1, therefore all ~ ions generated from 
precursors M I +, ~+, ~+ and M,,+ (Scheme 5.1) in the collision cell will be transmitted 
through MS2 to the final point detector (P AD3). 
M+-3~roducts M: 
Precursors 
Scheme 5.1. 
A Schematic Representation of Precursor Ion Scanning. 
The full energy (8 keV) product ion, which is generated when the precursor ion is the 
same mass and does not fragment in the collision cell, traverses the outer radius of the 
magnet and the inner radius of the electric sector. Product ions of progressively lower 
energy pass through the magnet nearer to the inner radius and the outer radius of the 
electric sector. This is represented schematically in Figure 5.6. 
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Schematic Representation of the Ion Beam Path (MS2) when Implementing 
Precursor Ion Scanning on the ZAB-T Instrument. 
The instrument is therefore configured such that the MS 1 mass spectrum is obtained if 
PAD 2 is employed. Furthermore, the precursor ion spectrum is acquired if the 
deflection potential of P AD2 is switched off and P AD3 is used to detect the product 
ions resulting from dissociation in the collision cell. 
5.4. The YG QuaUro II Tandem Quadrupole Mass Spectrometer. 
The Quattro n tandem quadrupole mass spectrometer of Q,hQ2 geometry (Figure 5.7) 
is equipped with two high performance, research grade quadrupole mass analysers (Q, 
and QJ and a r. f -only hexapole collision cell h. Precise alignment of Q, and Q in 
ceramic cradles ensures the production of hyperbolic fields . Ions entering the analyser 
region are focused into Q, by the hexapole entrance filter which also serves to reduce 
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contamination of QJ and Q2' MS 1 and MS2 are equipped with pre- and post-filters 
which serve to direct the ion beam through the fringing fields of QJ and Q2' The 
pre-filters also protect the quadrupole rods of QJ and Q2 from contamination. 
Ions, generated in the ESI source (Figure 2.6) and mass analysed by Q\, were detected 
by the first scintillator detector (Figure 3.10) to obtain the MS 1 mass spectrum. em 
experiments may alternatively be performed if no voltage is applied to the 'Altrincham' 
lens, which serves to deflect ions on to the dynode of the first detector. Ions were 
passed into h by means of Q\ and the fragment ions resulting from em in h were mass 
analysed by Q2 and detected by the second scintillator detector. The collision gas 
employed for em experiments was argon at a pressure gauge reading of 
approximately 1.5 x 10'" mbar. 
5.5. The VG TOFSPEC LinearlReflectron Time-or-Flight Mass Spectrometer. 
MALDI spectra were obtained by means of a TOFSPEC (VG Organic, Manchester, 
U.K.) tirne-of-flight mass spectrometer (Figure 5.8) operated in linear or reflectron 
mode with an acceleration potential of25 kV. A hybrid detector coupled to the OPUS 
data system was used to detect the ions generated by MALOI in linear mode. A 
nitrogen (NJ laser operated at a wavelength of 337 nm was employed to generate ions 
by means of MALDI (Figure 2.7). A fine and coarse energy filter effect focusing and 
adjustment of the laser beam flux respectively on to the target spot under control of 
the OPUS data system. Directional focusing of the laser beam was adjusted by means 
1 I 1 
--N 
Sample Introduction SYltem 
Source Focul Plate Ref1ectron MCP Ref1edron Lenl 
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Figure 5.8, 
Schematic of the TOFSPEC MALDI-TOF Mus Spectrometer. 
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of the OPUS data system to obtain the optimum signal for a selected sample. The 
sample disc allows the analysis of fifteen different samples without removal from the 
vacuum system of the mass spectrometer. 
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CHAPTER 6. 
THE OBSERVATION OF BROAD METASTABLE 
PEAKS IN THE SURFACE INDUCED 
DISSOCIATION MASS SPECTRA OF 
PROTONA TED AND CA TIONATED PEPTIDES. 
Chapter 6: Broad Metastable Peaks in the SID Mass Spectra of Peptides 
6.1. Introduction. 
A project on the SID of protonated and cationated peptides was undertaken as 
pre1irniJwy work, leading to the technique being used to analyse materials of high 
RMM (> 2000 Da). The four peptides used were leucine enkepbalin, leucine 
enkephalin amide, methionine enkephalin and methionine enkephalin amide. The 
structures of these four peptides are shown in Figures 6.1 and 6.2 and their sequence 
and RMM are presented in Table 6.1. The amide analogues of the enkephalins differ 
only by the nature of the C-tenninus in that the hydroxy group (-OH) is replaced by an 
amine (-NHJ. All peptides were obtained from Sigma Chemical Corporation and used 
without further purification. 
Moooisotopic 
Peptide Amino Acid Seque~ce Mall 
(Da) 
Leucine enkephalin Tyr-Gly-Gly-Phe-Leu 555.3 
(YGGFL) 
Leucine enkephalin amide Tyr-Gly-Gly-Phe-Leu-~ 554.3 
(YGGFL-NHJ 
Methionine enkephalin Tyr-Gly-Gly-Phe-Met 573.2 
(YGGFM) 
Methionine enkephalin Tyr-Gly-Gly-Phe-Met-~ 572.2 
amide (YGGFM-NHJ 
Table 6.1, 
The Sequence and Monoisotopic Mass or the Four Eokephalin. Studied. 
The enkephalins, leucine enkephalin and methionine enkephalin, are pentapeptides that 
are natural ligands for opiate receptors [1] and were first sequenced by Hughes et al. in 
1975. They are generated in the brain by a protein, proeokephalin A [2]. 
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HO 
HO 
Leucine Enkephalin 
YGGFL 
Leucine Enkephalin Amide 
YGGFLNH1 
Figure 6,1. 
OH 
o 
The Structure of Leucine Eakepbalia aad Leucine Eakepbalia Amide. 
117 
Chapter 6: Broad Metastable PeaIrs in the SID Mass Spectra of Peptides 
HO 
HO 
Methionine Enkephalin 
YGGFM 
Methionine Enkephalin Amide 
YGGFMNHl 
Figurt 6.2. 
OH 
o 
o 
The Structure or Methionine Enkephalin and Methionine En kephalin Amide. 
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Leucine enkephalin and methionine enkephalin have been well studied by means of 
mass spectrometry [1,2,3,4,5,6,7,8,9] and tandem mass spectrometry [10,11,12,13,14, 
15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35] but few papers on 
the mass spectrometric analysis of leucine enkephalin amide and methionine enkephalin 
amide have been published [24,27,36]. 
Intense molecular ion signals of these peptides are known to be generated by LSIMS 
[37] and hence these peptides were ideal for preliminary investigations into the 
suitability of SID as a technique for inducing decomposition of heavier materials. SID 
spectra from leucine eokephalin that give sequence information have been reported 
[23]. The first SID spectra of protonated leucine enkephalin amide, methionine 
enkephalin and methionine enkephalin amide are reported here. The spectra obtained 
from protonated precursors are also compared to those from cationated species. 
6.2. LSIMS Mass Spectra. 
All peptides were dissolved in methanol to give a solution of 5 nmol ~L·l. The peptide 
solution (1 ~) was placed on the probe tip and approximately 1 ~ of matrix was 
then mixed with the peptide after the solvent had evaporated to obtain ions of the 
protonated sample molecule. In order to obtain SID mass spectra of cationated 
peptides, 1 J'L of cation acetate (0.5 M in MeOH) was first deposited on the probe tip 
and the solvent removed by gentle heating. The peptide solution was then placed on 
the probe tip and the solvent again removed by moderate heating. Approximately 1 ~L 
of matrix was then mixed with the peptide. The matrices used for each compound are 
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shown in Table 6.1. The only criterion of matrix selection in these experiments was 
the intensity of the ion of interest at the point detector preceding the collision cell, in 
the third field free region (PAD 1). Abundant ion signals of higher mass adducts such 
as [M+2Cat-H]+, where Cat is either Na+ or Li+ from sodium and lithium salts 
respectively, were observed when certain matrices were employed with the anaIyte and 
cation salt. The abundance of protonated peptide ions (Mlr) detected at PAD 1 was 
much higher (when no alkali metal salt was added) than that of the respective 
cationated species ([M+Caty) generated with addition ofLiCOOC~ or NaCOOC~. 
Peptide Matrix 
Leucine enkephalin Glycerol 
MIr 
Leucine enkephalin "Magic bullet" 
[M+LiY +TFA 
Leucine enkephalin Thioglycerol 
[M+NaY 
Leucine enkephalin amide Glycerol 
MIr 
Methionine enkephalin Thioglycerol 
MIr +TFA 
Methionine enkephalin Thioglycerol 
[M+LiY +TFA 
Methionine enkephalin amide Thioglycerol 
MIr +TFA 
Table 6.2, 
Matrix Selection for SID Spectra. 
6.3. sm Spectra of Protonated and Cationated Peptides. 
6.3.(1) Leucine EnJcephalin. The SID mass spectra of leucine enkepbalin, MIr mJz 
556.4, [M+Lif rnIz 562.3 and [M+Naf mJz 578.3, are shown in Figures 6.3, 6.4 and 
6.5 respectively. The collision energy (EcmJ was 200 eV in all SID experiments. The 
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differences of signal-to-noise ratios observed in SID spectra are in part due to the 
abundance of precursor ions before collision (see Section 6.2). The fragment ions of 
protonated leucine enkephalin (Figure 6.3) have a much higher absolute signal-to-noise 
ratio than those from lithiated or sodiated precursors (Figures 6.4 and 6.5). 
100 x:2O ------------------------~+ 
9 HO 
80 
,.... 70 
~ 
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~ 60 a 1 
.~ 50 
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.~ 40 
.!! 
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CI::: 30 b 
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7Hf 
10 b3 
0 
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Figure 6.3. 
200 e V Collision Energy SID Spectrum or Leucine Enkepbalin, ~ mJz 556.3. 
Leucine Enkepbalin (MIl} 
Mass or Fragment Assignment Mass or Fragment Assignment 
Ion (Da> Ion (Da> 
556 MIr 278 b3 
538 bs 221 b2 
510 8s 193 ~ 
425 b. 177 FG-28 
397 a. 136 a. 
393 y.+2 120 F-28 
336 Y3+2 107 [CAO] 
279 Y2+2 91 [C~] 
Table 6.3. 
Masses and A signments or Fragment ions Observed in the SID Spectrum of 
Leucine Eokepbalio (MII}. 
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200 e V CoUision Energy SID Spectrum of Leucine Enkephalin, 
[M+Lit mlz 562.3. 
Leucine Enkepbalin ([M+Li]) 
Mass of Fragment Assignment Mass of Fragment Assignment 
Ion (Da> Ion (Da> 
562 [M+Lir 225 GGF-43+Li 
449 b4+Li+OH 184 GF-28+Li 
431 b4+Li-H 136 a) 
403 a4+Li-H 126 F-28+Li-H 
342 y)+Li+H 120 F-28 
302 b)+Li+OH 107 [C)I,Or 
240 GGF-28+Li 91 [C)I,] 
Table 6.4. 
Masses and Assignments of Fragment Ions Observed in tbe SID Spectrum of 
Leucine Enkepbalin ([M+LiJ). 
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OH 
[M+ a] 
450 500 550 
200 e V CoUision Energy SID Spectrum of Leucine Enkepbalin, 
[M+Nar mJz 578.3. 
Leucine Enkepbalin ([M+Na]) 
Mass of Fragment Assignment Mass of Fragment Assignment 
Ion (Da> Ion (Da> 
578 [M+Naf 447 b.+Na-H 
471 -C~C6H.OIf 318 b)+Na+OH 
465 b.+Na+OH 200 GF-28+Na 
Table 6.5. 
Masses and Assignments of Fragment Ions Obsenred in tbe SID Spectrum of 
Leucine Enkepbalin ([M+Na]). 
The proposed fragmentation pathways for the decomposition of precursor ions from 
leucine enkephalin are also shown in Figures 5.3, 5.4 and 5.5. The masses of the 
fragment ions seen and their assignments are recorded in Tables 5.3, 5.4 and 5.5. The 
nomenclature used is that of Biemann [38] which was adapted from that proposed by 
Roepstorff and Fohlman [39]. All MSIMS spectra recorded in these experiments 
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contain peaks arising from fragmentations of the peptide backbo~ denoted by b.., Y
D 
and a.. [38,39]. The genesis of these ions is postulated to be triggered by the 
protonation of the amide nitrogen of the peptide backbone which is adjacent to the 
dissociating bond, on the C-termina1 side [40]. Mechanisms for the formation of the 
b.., a" and Yl+2 fragment ions from protonated leucine enkepbalin are presented in 
Schemes 6.1 and 6.2 and are analogous to those proposed by Johnson et aI. [40]. The 
other a.., ba and Y D ions observed may be generated by analogous meciwlisms. 
HO 
OH 
o 
HO 1 
1 
co 
Scheme 6.1, 
Mechanisms ror the Generation or the b. and a. Fragment 1001. 
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HO 
~c 
~ o 
Scheme 6.2, 
Mechanism ror the Generation or the Y1+2 Fragment Ion. 
The SID spectra showed no peaks corresponding to <I., Va' or wa side chain loss 
fragment ions which are observed in the high energy CID of peptides [41]. Fragment 
ions resulting from other high energy processes which were observed in high energy 
CID spectra [42] are not present in the SID spectra. This can be explained by 
comparing the internal energy deposition in high energy CID and SID. The high 
energy 'tail' of internal energies deposited inherent in high energy CID can lead to the 
formation of these ions [43], whereas the energies deposited by SID are not high 
enough in the experiments reported here. Increasing the angle at which the precursor 
ions hit the surface should give a greater average deposition of internal energy to the 
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ion and so increase the possibility of the formation of A v and w ions that arise from w.,. D 
higher energy processes. Higher energy deposition was achieved by this method and 
produced SID spectra which closely resembled high energy CID spectra [44]. These 
ions were not present in the SID spectra of other peptides recorded on the same 
instrument [45,46] whereas a ds ion peak of very low intensity is present in the high 
energy CID spectrum of protonated leucine enkephalin [37]. McCormack and 
coworkers reported the formation of side chain loss fragment ions (w D ions) in the SID 
of peptides with a basic residue located at or near the C-terminus [47]. 
The formation of side chain ions of the phenylalanine and tyrosine residues is observed 
in spectra obtained from both protonated and cationated precursor ions. These side 
chain loss ions take the fonn of even-electron cations, appearing at m/z 91 [C,H,r, a 
tropylium ion, and mlz 107, [C~O]+, from phenylalanine and tyrosine respectively. 
Proposed mechanisms of formation of these two fragment ions are shown in Schemes 
6.3 and 6.4. Both mechanisms involve 1,2-hydrogen rearrangement to generate a 
neutral peptide (YGGGL and GGGFL respectively). The ion can also be considered to 
have a seven-membered ring structure, a tropylium ion, as shown in Figure 6.6. These 
ions are presumed to be generated by a lower energy route than that of ions formed by 
the loss of a side-chain since the latter are not observed in the spectra. A peak at m/z 
91 was reported by Tabet et a1. in the SID spectrum from a protonated leucine 
enkephalin precursor ion and was presumed to occur via a high energy process [31]. 
The fragment ions observed in the SID mass spectra of the cationised adduct generally 
retain the cation. Fragment ions fonned where the metal is lost include F, an 
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immonium ion from the phenylalanine residue, and ~, in which the peptide backbone is 
cleaved at the tyrosine residue (RH)C-C(O) bond. The spectrum of [M+LiT (Figure 
6.3) also contains peaks due to rearrangements in the peptide such as the [b.+Li+OHf 
peak which is the dominant fragment ion peak. A mechanism for this process (Scheme 
6.S) bas been proposed by Renner and Spiteller involving initial interactions between 
lithium, bound to the C-terminus, and the carbonyl oxygen of the phenylalanine residue 
[48]. These spectra are similar to cm spectra obtained on the same instrument at a 
collision energy of 4 ke V, differing predominantly in the intensity of the fragment ions 
[37]. 
x Il--'(-===o 
<>=<NH 
NH~~~ 
o 0 
HO 1 
R -~CBa SOIa.~ ~CBa>a 
x - -<lIl-O"u+. -Nlla. -NlrU+ 
Scheme 6.3. 
Proposed Mechanism for the Generation or the m.h. 91 Fragment loa. 
o 
Figure 6.6. 
Another Represeotation of the Structure or the mh. 91 Fragmeat loa, 
• TropyUum loa (C,R,). 
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Scheme 6.4. 
x 
o R 
x 
Proposed Mechanism for the Generation of the mh. 107 Fragment Ion. 
0 
JY 
1 
~;Y {:' ... u 0'-
I~::HI +~ 
+~~ 
Scheme 6.5. 
Mechanism of Generating the b4+Li+OH Fragmeot lOR. 
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The differences observed between the spectra observed by SID of protonated and 
cationated species may be a consequence of the site of binding of the cation. Protons 
are presumed to bind to a backbone amide nitrogen except when a basic amino acid 
residue such as arginine is present in the peptide sequence [40] whereas alkali metal 
cations are thought to interact predominantly with the carbonyl oxygen atoms of the 
amide backbone [27,34]. 
6.3. (ii) Leucine Enkephalin Amide. The SID spectrum from the protonated leucine 
enkephalin amide precursor ion is shown in Figure 6.7. The spectrum is very similar to 
that obtained from protonated leucine enkephalin (Figure 6.3) in the high mass region 
of the spectrum (>m1z 250). The intensity of the low mass ions «rn/z 250) is very 
weak in Figure 6.7. This is possibly due to differences in the tuning ofMS2. The shift 
of 1 Da in the masses of the Y3 and Y2 fragment ions in the leucine enkephalin amide 
spectrum is consistent with the change from -OH to -~ at the C-tenninus of the 
peptide. This is also implied by the shift in mass of the precursor ion by 1 Da. 
100 
90 
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?;> 
.~ 0 
.s 
Q) 
> .~ 40 
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o 
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: NH, 
H+ 
Figure 6.7, 
200 eV CoUision Energy SID Spectrum of Leucine EnkepbaJin Amide, 
Mu+ mh. 555.3. 
129 
Chapter 6: Broad Metastable PeaJcs in the SID Mass SpectrQ of Peptides 
Leucine Enkepbalin Amide <MB1 
Mass or Fragment Assignment Mass or Fragment Assignment 
Ion (Da> Ion (Da> 
555 MW 107 [C~)r 
538 bs 91 [C~r 
510 lis 42 [eN 
425 b4 30 [CAf 
335 Y3+2 28 [ClIJ+ 
278 Y2+2 
Table 6.6. 
Mules and Assignments or Fragment Ions Observed in tbe SID Spectrum or 
Leucine Enkepbalin Amide (MIIJ. 
Three peaks at low mass (m1z 28, 30 and 42) appear in the SID mass spectrum of 
leucine enkephalin amide which are not observed for the other peptides. These peaks 
are possibly generated by sputtering of hydrocarbons from the stainless steel surface on 
collision which is a charge transfer reaction (see Table 4.1). Chemical sputtering of 
small molecules from the collision surface has often been observed in SID experiments 
[49]. The origin of these hydrocarbons is probably pump oil which has coated the 
stainless steel surface [49]. 
6.3. (iii) Methionine Enkephalin. The SID spectrum of protonated methionine 
enkephalin and the proposed dissociation pathways of the precursor ion are shown in 
Figure 6.8. The masses of fragments and their assignment are given in Table 6.5. The 
spectrum is dominated by b. and Y D +2 fragment ions. The shift in mass of 18 Da of the 
Y. series of fragment ions compared to those generated from protonated leucine 
enkephalin is consistent with the change in amino acid residue at the C-tenninus u the 
RMM of leucine and methionine differs by 18 Da. An inunonium ion generated from 
methionine (lJ also indicates that this residue is present. 
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Figure 6.8. 
200 e V CoUision Energy SID Spectrum of Methionine Enkephalin, 
MIr mJz 574.3. 
Methionine Enkephalin (MIIJ 
Mass of Fragment Assignment Mass of Fragment Assignment 
Ion (Da> Ion (Da> 
574 MIr 221 b2 
556 bs 177 FG 
425 b4 150 y\+2 
411 Y4+2 136 a\ 
397 a4 120 F-28 
354 Y3+2 107 [Cll,r 
297 Y2+2 104 M-28 
278 b3 91 [C~r 
Table 6.7. 
Masses and Assignments of Fragment Ions Obsen'ed in the SID Spectrum of 
Methionine Enkephalin (MIIJ. 
6. 3. (iv) Methionine EnJcephalin Amide. The SID mass spectrum of methionine 
enkephalin amide is shown in Figure 6.9. The masses and assignment of the fragment 
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ions are shown in Table 6.8. This spectrum is dominated by a., and b
D 
ions with onJy 
one Y D ion observed (y.) of low abundance. The differences in the spectra obtained 
from protonated molecular ions of the neutral and amide analogues of methionine 
enkephalin may be a consequence of a change in the preferential binding site/sites of 
the proton. 
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Fi&ure 6.9. 
200 e V CoUision Energy SID Spectrum of Methionine Enkephalin Amide, 
MIr mJz 573.3. 
Methionine Enkephalin Amide (MIl} 
Mass of Fragment Assignment Mass of Fragment Assignment 
Ion (Da> Ion (Da> 
573 wr 147 bl-~ 
556 bs 136 a, 
425 b4 120 F-28 
278 b3 107 [CA)r 
221 b2 104 M-28 
193 ~ 91 [CAr 
177 FG 87 00-28 
149 y,+2 
Table 6.8. 
Masses and Assignmenu of Fragment Ions Observed in tbe SID Spectrum of 
Methionine Enkepbalin Amide (MII}. 
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6.4. The Observation or Broad Metastable Peaks in SID Spectra. 
In all SID mass spectra recorded in these experiments some broad peaks were 
observed at an apparent mass-to-charge ratio of m· where 
(Equation 6.1) 
and m1 and ~ are the masses of the precursor and an abundant fragment ion 
respectively. In Figure 6.3 for example, two broad peaks are observed at rnIz 521.0 
and 325.1 for which m l is the precursor ion, MJr, rnIz 556.4, and ~ has the mass of 
b4 (m/z 425.1) and bs (m/z 538.3) respectively. An expanded region of this spectrum is 
Figure 6.10. 
A comparison of the calculated masses of Hm·" with the experimental results for all the 
protonated and cationated peptides studied is shown in Table 6.9. The experimental 
MHt 
100 -------------x20------------'556.3 
b4 
425 .1 
mh 4 
m, 
5563 
556.3 
Figure 6.10. 
Leucine EnkephaJin (MH" ) 
m, m; . ('~ m· '~ ) 
53 3 (b,) 520. 
425.2 (b, ) 325.0 
m* 
If
rn
-" 
521.0 
325.1 
b 
5 8. 
521 .0 
Expanded Region (m/z 300-560) or the 200 eV CoUision Energy SID Spectrum of 
Leucine Eokephalin, ~ m.Jz 556.3. 
133 
Chapter 6: Broad Metastable Peaks in the SID Mass Spectra of Peptides 
values for mt and ~ were used to find the values of "m·" calc (shown as rn/lmt values in 
Table 6.9) so that they could be compared with the measured values for "m·" (shown 
as "m·" in Table 6.9). 
Peptide m. ~ ~l/m. "ID-" 
Leucine enkephalin 556.3 538.3 520.8 521.0 
MIr 556.3 425.2 325.0 325.1 
Leucine enkephalin 562.3 449.2 358.9 359.0 
[M+Lir 
Leucine enkephalin 578.3 465.2 374.2 373.7 
[M+Nar 
Leucine enkephalinamide 555.3 538.3 521.8 521.7 
MIr 555.3 425.2 325.6 325.6 
Methionine enkephalin 574.2 556.2 538.8 538.7 
MIr 574.2 425.2 314.8 315.0 
Methionine eokephalin 580.2 449.2 347.8 347.5 
[M+Lir 
Methionine enkephalinamide 573.2 556.2 539.7 539.8 
MIr 573.2 425.2 315.4 315.3 
Table 6.9. 
Comparing Calculated and Experimental Values of "m-". 
It can be seen from Table 6.9 that there is good agreement between the measured and 
calculated values for "m·". The difference in the two values of "m·" ranges from zero 
to 0.5 mass units. This is well within experimental error as the actual ion peaks in the 
spectra are about two mass units wide, so that the calculated value falls within the 
range of the width of all of the broad peaks in the SID mass spectra. 
The ratios of the intensities of the "m·" ion peaks to their respective ~ ion peaks are 
shown in Table 6.10. These intensities are compared for all of the protonated peptides 
used in these experiments. 
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"ma": ~ "ma": Dll 
Peptide "matt Intensity "ma" In te DJity 
Ratios Ratios 
Leucine enkephalin 325.1 0.12 521 0.84 
MIr 
Leucine enkephalinamide 325.6 0.04 521.7 0.67 
MIr 
Methionine enkephalin 315 0.2 538.7 0.8 
MIr 
Methionine enkephalinamide 315.3 0.1 539.8 0.7 
MIr 
Table 6.10. 
Comparing "ma": ml Intensity Ratios for Protonated Peptides. 
The intensity ratio I(m*)II(mJ falls as m/m1 falls in the SID mass spectrum of. given 
sample. The intensity ratios of the higher mass "m·· ion peaks are from four to 
approximately seventeen times larger than for their lower mass counterparts. The 
intensity ratios are all shown to two decimal places as the precision of these figures is 
approximately ±O.02. 
These broader "m*· ion peaks in the SID mass spectra can be explained by considering 
the scan law for MS2 of the four sector mass spectrometer (see Equation 4.9). A plot 
of the magnetic sector field strength against the electric sector field strength to show 
how the scan law varies when the collision cell is floated at different values above earth 
potential is given in Figure 6.11 [50]. It can be seen that as the ce1l voltage is 
increased so that the collision energy approaches zero, the scan law curve departs 
increasingly from the constant HIE scan law and approaches the normal B-scan at fixed 
E. especially when the mass of the neutral fragment lost is relatively low. This can be 
seen even more clearly in Figure 6.12 which shows schematically the scan law curves 
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for the normal B-scan at fixed E and for the Kratos Concept n HH used in these 
experiments with the cell voltage of 7800 V. The energy band pass of the electric 
sector and the overlap region of the two scans where the broad peaks can be observed 
are also shown schematically. 
The broader peaks in the mass spectrum arise from the decomposition of ml + in the 
field-free region between the electric sector and the magnetic sector of MS2. The scan 
law for the four sector is close to the normal B-scan at masses near to the precursor 
ion mass. As the energy band pass of the electric sector of MS2 is roughly ±30/0, this 
could allow precursor ions with the correct energy for metastable decomposition to be 
transmitted to the field-free region when the magnet current is appropriate for the 
transmission of these ions. The ions dissociate between ~ and Bl to give the ions 
responsible for the broad peaks in the SID spectra (see Figure 6.12). 
Support for this explanation can be found in the shapes of these broader peaks, their 
intensities and their positions in the mass spectrum. These peaks have the shape 
typical of metastable ion peaks which are formed in the field-free region between the 
electric sector and the magnetic sector of a forward geometry mass spectrometer, 
arising from decomposition of mJ + ions in this region of the instrument. The broader 
peaks are in fact due to fragment ions of mass ~ but they appear at an apparent lower 
mass because they have a lower energy. If the fragment ions are formed in the 
collision cell, they are re-accelerated as ~ + ions and so appear at IIlz + on the mass 
scale. If m
l 
+ ions are re-accelerated and fragment in the field-free region before the 
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magnetic analyser of MS2, their energy is only (mlmt)Ve, so that they are deflected 
more easily and appear at an apparent mass of~2/mt (Equation 6.1). 
The ratio I("m·")1(~ } falls as the ratio mimI falls since the overlap of the energy 
band pass region of the normal B-scan at fixed E and that of the linked scan for VaoU = 
200 V decreases as this ratio falls, thereby reducing the transmission of the ~ + ions 
fonned in the field-free region before the magnetic sector (See Figure 6.12). 
The corresponding cm spectra of the same peptides recorded on this instrument, 
fitted with the usual gas collision cell, did not contain any of these broad metastable 
ion peaks [37]. The cell was floated at 4 kV above earth potential for the eID studies 
so the scan law did not allow the fragment ions fonned in the field free region between 
~ and B2 to be transmitted through the magnetic sector (See Figure 6.11). 
These observations suggest that although the range of energies deposited in a SID 
experiment is narrower than that found in a CID experiment, it is sufficiently broad to 
produce precursor ions that dissociate both within the collision region and after 
passage through the electric sector of MS2. 
The time taken for undissociated leucine enkephalin precursor ions with an energy of 8 
keY to travel from the modified collision cell to the fourth field-free region is 
approximately 20 J.1S. Precursor ions fragmenting between ~ and B2 must therefore 
have an average rate constant for fragmentation of approximately 5 x 1 ~ s·\. The rate 
constant of precursor ions dissociating in the collision region is approximately I (f .-\. 
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The range of energies associated with ions after collision at a low angle to the surface 
must therefore be greater than those observed in other SID experiments where the 
angle of collision is larger. 
6.5. Summary, 
Sequence information has been generated for all four peptides analysed. The data 
obtained enable one to differentiate between all four peptides which differ only by the 
C-terminal amino acid residue or acid. Fragment ion distributions indicate that the 
internal energy deposited by SID in these experiments is low in comparison to high 
energy CID. This may be due to the low incident angles of collision employed in the 
SID experiments. Increasing the collision angle, with lower collision energies (EooJ 
has been shown to increase the deposition of internal energy in SID experiments 
employing a similar in-line collision device on a four sector tandem mass spectrometer 
[43]. The SID dissociation efficiencies are low relative to that observed by high 
energy CID due to neutralisation of the ion beam on collision with the surface. These 
efficiencies may also be improved on increasing the collision angle as neutralisation is 
decreased. 
All SID mass spectra obtained in this instrument in which a linked scan of the sectors 
of MS2 is used with a collision cell voltage close to that of the accelerating voltage 
would be expected to show metastable ion peaks arising from fragmentation of ml ions 
in the field-free region between the electric sector and magnetic sector of MS2. 
Furthermore, all MSIMS experiments perfonned on forward geometry four sector 
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instruments where the energy hand pass is approximately ±3% or larger would be 
expected to give rise to spectra including broad metastable ion peaks when Eoea is close 
to that of V .,.;' 
It is expected that the intensities of these broad peaks will increase in spectra obtained 
with a lower collision energy (higher collision cell potential) as the overlap region of 
the two scans increases (See Figure 6.12). Conversely, increasing the value of EoaIJ is 
predicted to give decreasing intensities of these broad metastable ion peaks as the area 
common to the two scans decreases. The intensity of the broad peaks is also expected 
to increase when the ratio of mimi increases, that is when the value gets closer to 
unity. This happens when ml gets larger but ml-~ is constant or when fil remains 
constant and ml-~ decreases. Evidence for these statements may be found in the high 
energy eID spectra of peptides in a collision cell floated at 4 k V above ground 
potential (EaolI = 4 keV) with a RMM of approximately 1000 Da [42]. Broad peaks are 
observed for the small losses from the precursor ion as the value of mimi is relatively 
high. 
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CHAPTER 7. 
HIGH ENERGY MASS SPECTROMETRY AND 
TANDEM MASS SPECTROMETRY OF A FIVE 
COMPONENT MIXTURE OF POLYMER ADDITIVES. 
Chapter 7: High Energy MS and MSIMS of a Mixture of Polymer Additives 
7.1. Introduction. 
Interest in the mass spectrometric analysis of polymer additives bas increased in the 
last decade [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17], especially with the 
developments in soft ionisation techniques such as fast atom bombardment (F AB) 
[6,7,8,9,10,11,12,13] and laser desorption (LD) [9,13,14,15]. These techniques are 
more suitable for the ionisation of non-volatile polymer additives which are now often 
used in polymer blends. Analysis by traditional mass spectrometric ionisation 
techniques such as electron impact (En and chemical ionisation (Cn require the 
analyte to be volatile [18]. 
There have been very few reports on the structural determination of polymer additives 
by means of tandem mass spectrometry (MSIMS). Lattimer et al. performed MS/MS 
experiments on additives in rubber compounds [19,20] and polypropylene [12]. A 
recent report by Chen et al. described desorption chemical ionisation (DCl)llow energy 
MSIMS as a technique for the detection of polymer additives in polyethylene [21]. 
A five-component mixture of polymer additives of RMM 300-1200 Da was analysed 
by means of mass spectrometry and a comparison was made of results obtained using 
various ionisation techniques. The separate components were also analysed by means 
of mass spectrometry. The ionisation techniques employed were EL CL LSIMS, FD 
and UV -MALDI. The CID spectra of molecular ions generated by EL CL LSIMS and 
FD were then obtained by means of tandem mass spectrometry. 
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The structures of the additives used in this study are shown in Figure 7.1 and their 
chemical names given in Table 7.1. The Irganox class of compounds (Irganox 1076, 
3114 and 1010 were used in these experiments) and Hostanox 03 are incorporated as 
antioxidants in polymer blends and Tinuvin 327 is used as a UV stabiliser. 
Trade Name Molecular Monoisotopic Chemical Name 
Formula Weight (Da) 
Tinuvin 327 CAON3CI 357.16 2-(2-hydroxy-3,5-di-tert-butylphenyl)-
2H-5-chlorobenzotriazole 
Irganox 1076 C3Sl\20 3 530.47 n-octadecyl-J3-(3,5-di-tert-butyl-
4-hydroxypbenyl) propionate 
Irganox 3114 C~06N3 783.52 1,3,5-tris (3,5-di-tert-butyl-
4-hydroxybenzyl) isocyanurate 
Hostanox 03 C~O. 794.48 ethylene glycol bis [(3,3-bis (3 1-tert-
butyl-4l-hydroxyphenyl» butyrate] 
Irganox 1010 CnHIOI012 1176.78 pentaerythrityl tetrakis [3-(3,5-di-tert-
butyl-4-hydroxyphenyl) propionate] 
Table 7.1. 
Chemical Formulae, Monoisotopic Weights and Chemical Nama 
or the Five Polymer Additives Studied. 
This mixture of five additives was chosen because of the differences in their volatility 
and chemical reactivity. The combination is also representative of mixtures of 
additives employed in polymers such as polypropylene and polyethylene. 
There have been very few reports in the literature of the effects of the differing internal 
energy of molecular ions generated by various ionisation techniques and thus, the 
variances in the collision induced dissociation (CID) spectra generated from these ions. 
Derrick et aI. reported that the internal energy of protonated molecule ions of 
valinomycin (Mlr) fonned by CI, F AB and electrospray ionisation did not significantly 
affect the fragment ion spectra obtained by ern [22,23]. It was suggested that the 
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EI-MSIMS and FD-MS/MS spectra of valinomycin (Mj differed as a consequence of 
the structure of the precursor ion prior to collision., not because of internal energy 
effects. 
In the present work, the effects of the differences in internal energy of molecular ions 
on the CID spectra of some polymer additives generated by El, Cl, LSIMS and FD 
have been compared by means of tandem mass spectrometry. These four ionisation 
techniques generate ions of varying internal energy, which give rise to spectra that can 
normally be rationalised in terms of the precursor ion internal energy. EI-MS spectra 
are often dominated by low mass ions with the molecular ion giving a low intensity 
peak. In contrast, the mass spectra of samples generated by FD generally consist of 
only molecular ion peaks. FD is a soft ionisation technique which generates molecular 
ions of low internal energy, typically 0.1-1 eV [24]. 
7.2. ExperimentaL 
7. 2. (i) Mass spectrometry. UV-MALDI spectra were obtained by means of the 
TOFSPEC mass spectrometer operated in linear mode with an accelerating potential of 
2S k V. Approximately 50 laser shots were employed to obtain the mass spectra under 
control of the OPUS data system. 
EI. CIt LSIMS and FD spectra were acquired by means of the ZAB-T tandem mass 
spectrometer operating at an accelerating potential of 8 kV. Precursor ions for CID 
experiments were selected at greater than unit mass resolution by MS 1. The ion beam 
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was attenuated by 80 % with argon in the mid-point collision cell at 4 ke V collision 
energy. Acquisition of 5-20 scans under control of the OPUS data system was used to 
produce the fragment ion spectra. 
7.2. (ii) Sample Preparation. All samples were obtained from Ciba-Geigy and 
dissolved in tri-chloromethane (CHClJ without further purification before analysis. 
The matrix employed for LSIMS-MS experiments was meta-nitro-benzyl alcohol 
(NBA) unless stated. For UV -MALDI spectra of cationated species, silver 
trifluoroacetate solution (10 mg mL-1/CHCI3) was added to the matrix solution (10 mg 
mL-1/CHCI3) and the sample solution (10 mg mL-1/CHCI3) in a 1: 10: 1 ratio. 
7.l. High Energy Mass sPectrometry of Polymer Additiyes. 
7. 3. (i) El. CI, LSIMS and FD Ionisation of Single Components. With the exception of 
CI (discussed later), the various ionisation techniques produced ~ ions from the five 
polymer additives but the LSIMS ionisation of Tinuvin 327 also produced the MI-f 
ion. The LSIMS-MS and EI-MS spectra offour of the polymer additives are shown in 
Appendix A Figures 7.2 and 7.3 are the LSIMS-MS and EI-MS spectra, respectively, 
ofIrganox 1076. 
Radical cation peaks are the molecule ion species typically observed in EI-MS spectra 
(Figure 7.3) and are often seen in FD-MS spectra. The ~ ions observed in the 
present work by means ofFD-MS are probably generated by field ionisation processes. 
Protonated molecule ion peaks are generally seen, however, in LSIMS-MS spectra. 
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Abundant molecular ion peaks have been observed in the LSIMS-MS and FAB-MS 
spectra of sever~ mostly non-polar [25,26,27,28,29,30,31,32,33,34,35,36], 
compounds. 
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LSIMS-MS Spectrum of IrganoI 1076. 
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Figure 7.3, 
EI-MS Spectrum of IrganoI 1076. 
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Various processes have been suggested for the generation of these ~ ions by means 
of LSIMS ionisation, including electron impact ionisation as a consequence of 
interaction between the analyte and high energy electrons generated in the collision 
cascade [25] or secondary electrons from the sputtering process [34,37]. Furthermore, 
charge exchange is possible between the initially fonned matrix ions and the sample 
[28,35,36]. Factors such as the proton affinity, ionisation energies [38,39,40] and 
oxidation energies [41] of the analytes have been suggested to be very important in 
promoting either the generation of MIr or ~ ions by means of F AB and LSIMS 
ionisation. 
The proton affinity of Tinuvin 327 is probably higher than that of the other polymer 
additives as a consequence of the basicity of the triazole ring which would allow one to 
rationalise the observation of the mixture of ~ and MIt in the LSIMS-MS spectra. 
The mass spectra of polymer additives, where the ions are generated by means of 
LSIMS and EI ionisation, are generally dominated by fragment ions whereas virtually 
no decomposition of the molecular ion is observed in FD-MS spectra. This 
phenomenon is observed as a consequence of the low internal energy deposited in the 
anaIyte during the ionisation process. The high internal energy of molecular ions 
generated by EI ionisation is sufficient to induce consecutive fragmentation of the 
polymer additives. Furtbennore, multiple fragmentation pathways are also observed in 
the LSIMS-MS spectra of the additives. An average of approximately 1-2 eV of 
internal excitation energy has been calculated to be imparted during ionisation by 
LSIMS [42,43,44]. 
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The degree of fragmentation observed in the LSIMS-MS spectra of these polymer 
additives indicates that these compounds have low energy thresholds to dissociation. 
Lattimer et a1. proposed that the dissociation of moJecular species observed in 
FAB-MS spectra of polymer additives aided structural confirmation [11]. One 
disadvantage of the degree of fragmentation that is observed in LSIMS-MS spectra is 
that it could hinder the determination of the molecular weight of some compounds 
when analysing a complex mixture. 
The fragmentation pathways observed in the spectra are discussed further in section 
7.4. Furthermore, the distributions of fragment ions seen in the LSIMS-MS and 
EI-MS spectra are compared to those observed in the cm spectra of the same 
compounds. 
The CI-MS spectra ofIrganox 1076 are shown in Figure 7.4 when the reagent gas was 
(a) ammonia; (b) iso-butane and (c) methane. Abundant [M+NHJ+ ions were 
generated by means of CI with anunonia as the reagent gas for Irganox 1076, Irganox 
3114 and Hostanox 03. Two possible general mechanisms of generation for this 
complex have been proposed [45] and are shown below in Equations 7.1 and 7.2: 
+ + 
M + [NH .. 1 -+ MH + NH3 (Equation 7.2) 
NH, + 
MH + + NHJ -+ [M + NH .. ] 
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The [M+NH.f ions observed in the ammonia CI-MS spectra of polymer additives are 
probably generated by the electrophilic attachment reaction shown in Equation 7. 1. 
The reaction shown in Equation 7.2 is unlikely to occur as no protonated molecule 
ions (MH} are seen in most of the ammonia-CI-MS spectra of polymer additives. The 
elecuophilic attachment process is common when the proton affinity of the analyte is 
less than that of ammonia (854 kJ mol-l [46]). Adducts of ammonium ions with the 
analyte were not observed in the ammonia-CI-MS spectrum of phenol which indicates 
that the NH': does not form stable hydrogen bonds to this compound [45]. The site of 
the attachment of NH.t is therefore most likely to be a carbonyl oxygen for the 
polymer additives used in the present work. 
Predominantly protonated molecule (M:lr) ions were generated over ~ for Tinuvin 
327 by means of ammonia-CI. Intense ion peaks were observed 18 Da lower tIwt 
[M+NHJ+ on the mass scale in the spectra ofIrganox 1076 and Irganox 3114. These 
ions have the mass of the radical cation ~ and could be formed by charge exclwtge 
with ~ .. [47] or low energy electron impact ionisation [45]. Molecular ions were 
observed at high abundance in the ammonia-CI mass spectra of dihydroxybenzenes 
[48], phenol and anisole [45]. The generation of the ~ ions was proposed to be 
favoured as a consequence of the lower ionisation energies of the anaIytes in 
comparison to that of ammonia [ 4 7]. Another possibility is that these ions are 
generated by loss of~O from [M+NHJ+. This reaction is often observed by means of 
CI-MS for compounds containing hydroxyl groups. This would seem unlikely to be 
the case for the polymer additives analysed in the present work as the peak which 
corresponds to [M + NIl. - ~Or is observed at lower relative intensity in the mass 
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spectrum of Hostanox 03 which has four hydroxyl groups whereas there is only one 
hydroxyl substituent in Irganox 1076. Furthermore, MS/MS spectra from the 
precursor ions at a mass-to-charge ratio corresponding to ~ are very similar to those 
generated by means of EI-MSIMS, LSIMS-MSIMS and FO-MS/MS (Figure 7.21). 
This suggests that the molecular ion, ~, is also formed by means of ammonia-CI. 
Furthermore, accurate mass experiments could aid the determination of the empirical 
formula. 
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Figure 7.4, 
CI-MS Spectra oflrganox 1076. 
Reagent Gas: (a) Ammonia; (b) Iso-butane and (c) Methane. 
Chemical ionisation employing iso-butane (iso-CpJ(J as the reagent gas generates no 
protonated species for lrganox 1076, Irganox 3114 and Hostanox 03 . There are peaks 
of low intensity, however, corresponding to the radical cation~. Furthermore, the 
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same ~ species is seen in the CI-MS spectra of these additives when methane is 
employed as the reagent gas. These species are probably generated only by charge 
exchange with the ionised reagent gas or by low energy electron impact ionisation. 
Irganox 1010 required a higher source temperature (300 °C) for analysis by means of 
EI-MS and CI-MS than the other additives studied due its involatility. Additives with 
a higher RMM (>1000 Da) are not always suited to analysis by means ofEI-MS and 
CI-MS for this reason [18]. Low intensity molecular ion currents are generated by El 
ionisation from Irganox 1010. This compound is more suitable to ionisation by means 
of desorptionlionisation techniques. 
7.3. (ii) Mass Spectra of the Five-Component Mixture. The LSIMS-MS spectrum of 
an equimolar mixture of the five additives dissolved in NBA, acquired in positive ion 
mode, is shown in Figure 7.5. 
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Figure 7,5, 
LSIMS-MS Spectrum or the Equimolar Mixture or Polymer Additives. 
Positive Ion Mode. 
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A high signal-to-noise ratio was observed with 1 nmol of each additive in the five 
component mixture. Furthermore, all of the molecular ion and/or protonated molecule 
ion species were observed in the LSIMS mass spectrum when only 1 pmol of each 
additive in an equimolar mixture was placed on the probe tip. The most intense 
molecular ion signals are seen for Irganox 1076 and Irganox 3114 when the matrix is 
NBA Relatively low intensity signals are observed for Tinuvin 327 which can be 
partially explained by the generation of a mixture ofM" and MIr from this compound. 
The choice of matrix was very important for these experiments. The relative intensities 
seen in the spectra of the molecular ions of the additives changed when the matrix was 
an equal mixture vlv of glycerol and bis-di-hydroxyethyl-di-sulfide. This is probably a 
consequence of the different surface activities of the samples when the matrix is 
changed. The most intense molecular ion peak observed with this matrix was from 
Tinuvin 327, for which the lowest abundance molecular ion was observed with NBA. 
Furthermore, the molecular ion peak of Irganox 1076 was observed at very low 
intensity whereas it was the dominant molecular ion peak with NBA A far superior 
sensitivity of detection was found with NBA as the matrix. 
In negative ion mode the most suitable matrix was again NBA The mass spectrum 
observed for the additive mixture dissolved in NBA is Figure 7.6. Molecule ion 
species, generally [M-HJ, were observed for all of the additives except lrganox 3 114. 
Furthermore, less fragmentation is observed in the spectra generated in negative ion 
than positive ion mode, especially in the region close to the deprotonated molecule ion 
peak of Hostanox 03. The overall signaJ-to-noise ratio was much lower than in 
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positive ion mode with the same matrix. Much less abundant ion signals for the 
additives and generally radical anions (Mj were observed when triethanolamine was 
employed u the matrix in negative ion mode. 
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FD-MS Spectrum or the Equimolar Mixture or Polymer Additives. 
158 
Chapter 7: High Energy MS and MSIMS of a Mixture of Polymer Additives 
Predominantly molecular radical cations ~) were seen in the FD-MS spectrum of 
the mixture of additives (Figure 7.7). There is little fragmentation observed as FD is a 
very 'soft' ionisation technique. The molecular ion peaks were all of similar intensity 
except for that of the radical cation of Irganox 1076 which was approximately three 
times as intense as the other peaks. 
The UV-MALDI spectrum of the mixture of additives is shown in Figure 7.8. The 
matrix employed was dithranol and the metal salt was silver trifluoroacetate. 
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UV-MALDI-MS Spectrum of the Mixture of Polymer Additives. 
The additives all form complexes with silver in the presence of the trifluoroacetate salt, 
most importantly [M+ Agr. The results were not very reproducible and the 
distribution of relative intensities of the cationated molecular ions varied with each 
acquisition. This is probably a consequence of the inhomogeneity of the 
matrix-sample-salt crystal distributions on the sample spot . 
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Various adducts ofHostanox 03 with silver were observed in the UV-MALOI spectra 
(see Figure 7.8). These include [M+Ag]+' [M+2Ag-Hr, [2M+Agr and 
[2M+2Ag-Hf· These types of complexes are often found in the F AB mass spectra of 
peptides [49] and fatty acids [50] when salts of alkali metals are added to the matrix. 
Assigrunent of ions in the lower mass range «mlz 400) is made more problematical by 
the observation of various adduct ions from the matrix (dithranol) and silver. 
Furthermore, other unassignable peaks are often seen in the UV -MALDI spectra. 
Lattimer et 81. [11] compared F AB and FD as ionisation techniques for the mass 
spectrometric analysis of mixtures of additives in rubber compounds. They found that 
some polymer additives suppressed the generation of ions from other species by means 
of F AB ionisation. Furthermore, molecular ions were observed for all of the additives 
by means ofFD-MS. The present work indicates that LSIMS, a very similar ionisation 
technique to F AB, is not ideal for the quantitative detection of polymer additives as 
matrix effects are very important. Furthennore, the LSIMS-MS spectrum (Figure 7.5) 
is complicated by the fragment ions observed. This is especially important in the 
molecular ion regions of lrganox 3114 and Hostanox 03 in Figure 7.5 as a 
consequence of the series of fragment ions of lrganox 1010 that were observed. 
Matrix effects are prominent in MALOI experiments and this, added to the lack of 
reproducibility and complication of the various adducts of some additives with silver, 
indicates that this ionisation technique is also unsuitable for qlWltitative analyses of 
mixtures of these types of compounds. FD is a far superior ionisation technique for 
quantitative analysis as there are no matrix effects which might suppress the generation 
of ions from certain additives. 
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7.4. High Enem em or Polymer Additives. 
7. 4. (i) (a) Irganox compounds. All of the Irganox compounds studied had a 
di-tert-butyl substituted alkyl phenol base structure, as shown in Figure 7.9. 
OIz-R 
Figure 7.9, 
The Base Structure or the Irganox Compounds Analysed in these Experimenb. 
The eID spectra of Irganox 1076 and Irganox 1010 are shown in Figures 7.10 and 
7 .11 respectively. 
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These spectra differ greatly from the low energy cm spectra obtained by Chen et al. 
[21]. Intense fragment ion peaks at rn/z 203 and rn/z 219 appear in the cm spectra of 
all of the Irganox class of compounds studied. Abundant fragment ions at mlz 219 and 
203 are also observed by means of LSIMS-MSIMS from other compounds that have 
the same base structure as that shown in Figure 7.9 (see Appendix B). The ion at mlz 
219 has previously been assigned the structure shown in Figure 7. 12(a), a 
2,4-di-tert-butyl-3-hydroxyl substituted benzyl cation [5,12]. 
(a) 
I mil 219 I 
Figure 7.12. 
Proposed Structures for the mh, 219 Fragment loa Obsuved 
iD Mus Spectra of IrganoI Compound&. 
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This fragment ion is generated by cleavage p to the aromatic ring with elimination of a 
radical species as shown in Scheme 7.1. The more probable structure of this ion is a 
2,4-di-tert-butyloxonium ion, as shown in Figure 7. 12(b), or an equilibrium between 
this and the substituted benzyl cation. Fragment ions thought to have an oxonium ion 
structure were observed in the EI-MS spectra of para-alkyl phenols [51], as proposed 
for the Irganox compounds studied in these experiments. A precursor ion scanning 
experiment, where the product ion was mlz 219 of Irganox 1076, was performed to 
provide complementary information on the mechanism of generation (Scheme 7.1) of 
the fragment ion. The resulting spectrum is shown in Figure 7.13 and the data are 
consistent with the proposed mechanism. 
• 2 
I m/z 119 1 
Scheme 7.1, 
Proposed Mechanism for the Generation of mJz 219 from lrganoI Compounds. 
The fragment ion at mlz 203 is proposed to be fonned by loss of metlwle from the mJz 
219 ion. A mechanism for the loss of methane from the 2,4-di-tert-butyloxonium ion is 
shown in Scheme 7.2. Loss of a methyl group from the tert-butyl group and a proton 
from the hydroxyl oxygen gives rise to an enol structure which can rearrange to a 
phenol based structure which is substituted with a lerl-butyl and an iso-propene group. 
The fragment ion is stabilised by the generation of an oxonium ion, as proposed for the 
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mJz 219 fragment ion. A precursor ion scan ofm/z 203 from Irganox 1076 is shown in 
Figure 7.14 and the data are consistent with the mechanism in Scheme 7.2. 
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Figure 7.1l. 
Precursor Ion Spectrum ofmlz 219 from the 
Product Ion Spectrum oflrganox 1076 . 
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Figure 7.14. 
Precunor Ion Spectrum of mh 203 from the 
Product Ion Spectrum of IrganoI 1076. 
Other abundant ions at mlz 515, 57 and 43 are observed in the eID spectrum of 
Irganox 1076 (Figure 7.10). The mlz 515 ion is probably generated by loss ofa methyl 
radical (e~') from the precursor ion. Loss of the whole (e)I;) or part (eJI/) of a 
tert-butyl group from ~ generates the mlz 57 and 43 fragment ions respectively. The 
other fragment ions observed at low mlz ratios « mlz 2(0) are probably formed 
predominantly by dissociation of the mlz 219 ion. Fragment ions are observed at the 
same mlz ratios in the eID spectra of compounds with a similar base structure to that 
shown in Figure 7.9. Furthennore, ions of the same mlz ratio are observed in the 
MSIMS spectrum of mlz 219. 
A series of product ions of low abundance, differing by 14 Oa, which is observed in 
Figure 7. lOis probably generated by losses of part of the hydrocarbon chain from 
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Irganox 1076. Similar series of fragment ions are observed in the em spectra of fatty 
alcohols [52] and acids [53]. 
The abundant fragment ions that are observed in the LSIMS-MS spectrum, which are 
generated by losses of one or two units of iso-CJI. from the precursor ion, are not 
seen in the cm spectrum. 
Fragment ions of high abundance are observed at rn/z 1119 and 259 in the high energy 
cm spectrum of Irganox 1010. The rn/z 1119 product ion is formed by loss of a 
tert-butyl group as a radical species (c~) from~. Cleavag~ a to the carbonyl 
group and loss of hydrogen is proposed to generate the fragment ion which is observed 
at m/z 259. This ion could have the highly conjugated and therefore very stable 
structure that is shown in Scheme 7.3, which partially explains the intensity of the peak 
in the cm spectrum. This ion is observed only at very low abundance, however, in the 
cm spectrum of Irganox 1076. 
rn-rn-c=o 
I mJz 259 1 
Scheme '.3. 
The Proposed Structure of the mh. 259 Fragment loB. 
Peaks arising from consecutive losses of iso-CJI. from the precursor ion are only 
observed at low intensities in the high energy CID spectrum of Irganox 10 10. These 
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rearrangement processes are very prominent in the low energy cm spectra of the same 
compound [21] (Chapter 8) and also in the LSIMS-MS and EI-MS spectra. 
7. 4. (i) (b) Irganox 3114. Fragment ions at mlz 203 and mlz 219 are observed in all 
high energy fragment ion spectra ofIrganox 3114 (Figure 7.15). 
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A fragment ion peak of high intensity is also seen at mlz 219 in the low energy MSIMS 
spectrum of the same compound [12] . There is also an intense fragment ion peak at 
m/z 260 in the high energy MSIMS spectrum which can be assigned the structure 
shown with the proposed mechanism in Scheme 7.4. This fragment ion was observed 
in the EI-Iow energy MSIMS spectrum but no structure or mechanism of formation 
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wu proposed [12]. The proposed structure shown in Scheme 7.4 is consistent, 
however, with the empirical formula that was calculated from accurate mass data [12]. 
1 
R-~ R' -
I mfll6f I 
Scbeme 7.4. 
Proposed Mechanism for the Generation of mJz 260 from IrganoI 3114. 
The genesis of this fragment requires two carbon-to-nitrogen bonds to be broken in the 
cyclic isocyanurate core of the molecule and the even electron fragment ion that is 
generated requires the cleavage of three bonds within the precursor ion. Ring opening 
via homolytic cleavage is followed by a hydrogen rearrangement and the breaking of 
another carbon-to-nitrogen bond. A requirement for the mechanism of generation for 
this fragment ion is that the site of ionisation is a carbonyl oxygen, adjacent to the 
isocyanurate ring. Other even electron fragment ions., formation of which require 
opening of the isocyanurate ring, are observed at m/z 303 and m/z 332. 
An intense fragment ion is observed at m/z 768 which is generated by loss CH,° from 
the precursor ion. The ion of low abundance at m/z 727 may be generated by 10 of 
iJlo...CJI. from a tertiary butyl group of Irganox 3114. Furthermore, the fragment ion 
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at mlz 438, also of low abundance in the high energy LSIMS-MSIMS spectrum bas 
been proposed to have the structure shown in Figure 7.16 [12] . The empirical formula 
of this fragment ion was determined from accurate mass data [12]. 
T 
Figure 7.16. 
Propoled Structure for the mJz 436 Fragment Ion Observed 
in em Spectra oflrganoI 3114. 
Abundant fragment ions, observed at rn/z 565 and 346 in the low energy EI-MSIMS 
spectrum of Irganox 3114 [12], are only seen at low abundance in the high energy 
experiments. These ions were proposed to have the structures shown in Figure 7.17(8) 
and 7. 17(b) [12]. Furthennore, a fragment ion is also seen at rn/z 564 in Figure 7.15 
which probably has the structure indicated by Figure 7. 17(c) and is generated by loss 
ofR' from the precursor ion, where R has the structure shown in Scheme 7.4. 
Figure 7.17, 
The Proposed Structures or Fragment Ionl or lrganOI 3114 Observed at: 
(a) mIz 565; (b) mh 346 and (c) mh 564. 
The mlz 564 ion is probably an intennediate in the generation of the mlz 346 fragment 
ion u loss of • radical followed by a neutral is a more favourable process than initial 
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expulsion of a neutral to generate mlz 565, an odd electron ion, prior to loss of a 
radical R- to form mlz 346. 
A similar distribution of fragment ions is observed at low mlz ratios «mlz 2(0) to that 
found in the high energy em spectra oflrganox 1010 and Irganox 1076. The relative 
intensities of fragment ions that are observed in the LSIMS-MS spectrum are very 
similar to that seen in the em spectrum. The formation of fragment ions with higher 
mlz ratios is more favoured in the EI-MS spectrum. This is probably a consequence of 
the higher critical energies that are required for generation of many ions of higher m/z 
ratios for Irganox 3114, as multiple bond cleavages are required to form these ions. 
7.4. (ii) Hostanox 03. The most intense fragment ions in the high energy em spectrum 
ofHostanox 03 (Figure 7.18) are those observed at m/z 325 and m/z 309. 
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Figure ',18, 
LSIMS-MSIMS Spectrum or Hostanox 03, ~ mJz '94, 
rrom an Equimoiar Mixture or Polymer Additi~es. 
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The proposed structures of these ions and the mechanisms of their formation are 
shown in Schemes 7.5 and 7.6. The ion at m/z 325 is formed by J3-cleavage to the 
hindered phenol rings. The generation of these ions is analogous to that of J3-cleavage 
and loss of methane from the Irganox compounds studied. Loss of methane from the 
tert-butyl group of the mlz 325 ion gives the fragment at m/z 309. A precursor ion 
scan of mlz 309 generated a spectrum dominated by m/z 325 and m/z 794, in 
accordance with the mechanism in Scheme 7.5. The high relative intensity of the m/z 
325 and 309 peaks may be a consequence of the highly conjugated structures, and 
therefore stability, of these fragment ions. 
.. I mJz 3251 
Scheme 7.5, 
Proposed Mechanism for Generation of mlz 325 from HostanoI 03 • 
.. 
I mlz 309 1 
Scheme 7.6, 
Proposed Mechanism for Generation of mh 309 from Bost.noI 03. 
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Fragment ions of low relative intensity are observed at m/z 728 and 644 in Figure 7.18. 
These ions are presumed to be generated from the precursor ion by rearrangement 
processes as they have even m/z ratios and therefore are odd electron ions. Expelling 
iso-C)I. or 2,6-di-tert-butylphenol from the precursor ion by means of 1,3-hydrogen 
rearrangements is proposed to generate the ions observed at m/z 728 and 644 
respectively. 
A fragment ion seen at m/z 650 is possibly formed by an internal rearrangement similar 
to that required to generate the m1z 436 product ion that is observed in the MS/MS 
spectrum of Irganox 3114. The proposed structure of this fragment ion is shown in 
Figure 7.19. 
Figure 7.19. 
The Proposed Structure of the Fragment Ion of HostanoI 03 
Observed at m/z 650. 
Other fragment ions at low m1z ratios are formed by losses of neutral species from the 
mlz 325 ion. Ions of the same m1z ratio are observed in the MSIMS spectrum of mlz 
325. 
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The EI-MS and LSIMS-MS spectra of Hostanox 03 are very similar to the em 
spectrum. The generation of ions which are formed by rearrangement processes is 
more favoured by means of LSIMS ionisation. 
7.4.(iii) Tinuvin 327. The cm spectrum ofTinuvin 327 is shown in Figure 7.20. 
19 
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Figure 7.20. 
LSIMS-MSIMS Spectrum of Tinuvin 327, ~ mJz 357, 
rrom an Equimolar Mixture of Polymer Additives. 
The most intense fragment ion in the spectrum is that due to a loss of a radical of mass 
1 S Da from the precursor ion and is observed at mlz 342. This has been assigned as 
the loss of a methyl radical from the tert-butyl group (Scheme 7.7). The ion that is 
generated is possibly stabilised by the fonnation of an oxonium ion (Scheme 7.7). A 
similar mechanism possibly occurs to stabilise the ~ - c~·] fragment ion observed 
in the eID spectrum oflrganox 1076 (Figure 7.10). 
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I ~,..tzlS71 
Scheme 7.7. 
Proposed Mechanism for Generation of mlz 342 Fragment Ion of TinuviD 327. 
The Fragment Ion is Proposed to be Stabilised by Generation of. Substituted 
Oxonium Ion. 
The other fragment ions that are observed in the lower end of the mass range «rn/z 
250) in the MSIMS spectra of Tinuvin 327 are formed via complex rearrangements of 
two or more hydrogens. This is indicated by the various series of fragment ion peaks 
separated by 1 Da. Ions of the same mass-to-charge ratio are also seen in the EI-MS 
spectrum of this compound, differing only in relative intensity. A possibility for 
hydrogen rearrangement from the hydroxyl group to the triazole ring, generating the 
carbonyl isomer ofTinuvin 327, is possibly the first process in the generation of many 
of the fragment ions. The carbonyl isomer of these types of compounds has been 
observed for similar compounds in the excited state [54]. 
The EI-MS spectrum is very similar to the eID spectrum but very little fragmentation 
is observed in the LSIMS-MS spectrum. This is probably a consequence of the high 
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critical energies that are required for the generation of the fragment ions of Tinuvin 
327 that are formed by multiple hydrogen rearrangements. 
7.5. EfI'edI of Internal Energy Deposition by Ionisation on em Specln. 
Fragment ion spectra of a compound can give a reasonable qualitative picture of the 
interna1 energy of a precursor ion formed by different ionisation techniques if other 
factors such as collision gas pressure and collision energy are kept constant. The em 
spectra from the ~ ion of Irganox 1076 generated by EL LSIMS, ammonia-CI and 
FD ionisation are shown in Figure 7.21. 
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MSIMS Spectra oflrganoI 1076, ~ mh. 530, ~oerated by: 
(a) EI; (b) LSIMS; (c) CI and (d) FD. 
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The distribution of fragment ions observed in CID spectra is presumed to be affected 
less by the internal energy deposited during the ionisation process than by that 
transferred as a consequence of collisional activation in a collision cell. The spectra in 
Figure 7.21 show that fragment ions of Irganox 1076 are observed at the same m/z 
ratios from precursor ions generated by all four ionisation techniques. These data 
(Figure 7.21) indicate that the internal energy of the precursor ion has some, but very 
little, qualitative effect on the CID spectra of the polymer additives. Furthermore, the 
similarity of the spectra suggests that molecular ions of polymer additives generated by 
EI, LSIMS, CI and FD may have a common structure. This implies that the ions 
generated by ammonia-CI are the radical cation, ~, and not a fragment of the 
[M+NHJ+ ion formed by loss of water. The low ion currents generated by FD 
ionisation made MSIMS spectra difficult to obtain and the results were not as 
reproducible as for CID spectra of ions generated by the other three ionisation 
techniques. 
A comparison of the ratio of intensities of the mlz 219 and mlz 57 for precursor ions 
~) of Irganox 1076 generated by EI, CI, LSIMS and FD is shown in Table 7.2. 
Ionisation Relative Intensities of Fragment Ion Ratio of IDten.ilia 01 
Technique mIz 57 Daltons mlz 219 Dalton. mIz 119: 57 
EI 100 60.11 0.60 
LSIMS 100 74.84 0.75 
CI 100 84.15 0.84 
FD 54.69 100 1.83 
Table 7.2. 
The Ratio of Relative Intensities of the Fragment Ion at mh 219 to that at mh 57 
from the EI, LSIMS, CI and FD-MSIMS Spectra or Irgaoox 1076. 
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These ions are generated by loss of radicals from the molecular ion in the collision 
region. The mlz 57 ion is formed by charge transfer from the phenyl ring to the 
teTt-butyl group of the molecule, generating C A +. Cleavage p to the phenyl ring 
generates the ion at mlz 219, proposed to have the structure shown in Figure 7. 12(b). 
The effects of varying the ionisation technique on the cm spectra are very small as a 
consequence of the greater contribution of internal energy by collisional activation 
processes. The amount of internal energy deposited by collisional activation of the 
precursor ion predominantly determines the degree of fragmentation observed in cm 
spectra. This may be rationalised by comparing the cm spectra generated when the 
pressure of the gas in the collision cell is varied. Increasing the gas pressure should 
increase the average number of collisions between the precursor ions and the target gas 
atoms. The internal energy uptake of the precursor ions should therefore also increase. 
The m/z 57 fragment ion peak is relatively less intense than that at mlz 219 when no 
collision gas is allowed into the cm cell, compared to that obtained when an 
attenuation of the precursor ion beam of 80010 with argon is employed. The internal 
energy of precursor ions increases with a higher gas pressure in the collision cell, 
giving a lower precursor ion transmission to the second analyser as more fragment ions 
are generated. The intensity of the mlz 57 fragment ion would therefore be expected 
to increase with respect to the mJz 219 ion as the internal energy of the precursor rises. 
Figure 7.22 shows a line graph of the ratio of relative intensities ofmJz 219: mJz 57 for 
the four ionisation techniques. The ratio of mJz 219: mJz 51 increases when the 
ionisation technique is changed from EI to FD through LSIMS anC: CI, 
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Figure 7.22. 
I. q ..... 1076 I 
Line Graph Comparing the Change in Intensity or the Ratio or mJz 119: mJz 57 
in the cm Spectra orlrganox 1076 when the Ionisation Technique is Different. 
The observed trend follows that expected for the four ionisation techniques. Ions 
generated by means of EI ionisation have high amounts of internal energy on average 
and are therefore likely to fragment more readily than those formed by the other 
techniques. FD generates ions with very low amounts of internal energy and so less 
fragmentation is expected. Ions with intennediate quantities of internal energy are 
formed by means of LSIMS and CI ionisation. 
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7.6. Summary, 
Higher mass organic polymer additives (RMM > 1 000 Da) are not always suited to 
analysis by means ofEI-MS and CI-MS due to their involatility. Desorption ionisation 
techniques such as LSIMS are more practical as they give more abundant molecular 
ion signals with fragmentation for structural information and are facile experiments, 
but matrix effects are very important and can lead to suppression of the generation of 
molecular ions of some additives. Field desorption is a good ionisation technique for 
generating molecular weight information of polymer additives in mixtures but analysis 
is time consuming and more experimentally challenging than the other ionisation 
techniques. Predominantly [M+Agf ions are generated by means of UV-MALDI 
ionisation and often some clusters are observed which could make assignment of 
unknowns more complex than for analysis by means of FD. Furthermore, matrix 
effects are also important. Analysis by means of UV-MALDI-MS is rapid and the 
experiment is simple but the instrumental capability for CID experiments is far from 
being widely available. 
The low ion currents generated by FD make MSIMS spectra difficult to obtain. 
LSIMS is therefore a more suitable ionisation technique for analysis of mixtures by 
means of tandem mass spectrometry. High energy MSIMS of the molecular ions of 
additives in a mixture aids structural elucidation as these molecules often dissociate to 
generate characteristic fragment ions such as mlz 219 and 203 for the lrganox 
compounds analysed in these experiments and mlz 325 and 309 for Hostanox 03. 
These ions are not always prominent in the low energy MSIMS spectra of the ~ 
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compounds [21]. The mechanisms proposed indicate that many of the fragment ions 
generated from the additives studied here may have substituted oxonium ion 
structures. 
LSIMS-MSIMS experiments may therefore be used in conjunction with FD-MS as 
screen to determine the class, molecular weight and structure of mixtures of organic 
polymer additives. 
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Chapter 8: EJectrospray-Low Energy MSIMS of Polymer Additives 
1,1, IDtrodudioD, 
8.1. (i) E/ectrospray Ionisation of Polymer Additives. There are few reports in the 
literature of the analysis of polymer additives by means of ESI-MS or ESI-MSIMS. 
This prompted a preliminary investigation into the effectiveness of this technique for 
analysing the same group of polymer additives as that studied by means of high energy 
experiments (Chapter 7). Furthermore, these experiments also enable a comparison of 
the high energy and low energy CID spectra of polymer additives to be made. Tinuvin 
327 wu not suitable for to analysis by ESI, however, and it is presumed that this 
compound is more likely to be compatible with atmospheric pressure chemical 
ionisation (APCI). APCI is often of wider applicability than ESI to the analysis of 
compounds with a low RMM. 
A plasticiser that is conunonly used in polymeric systems such as poly vinyl chloride 
(PVC), Emkarate 3020, was also studied by means of ESI-MSIMS. This additive is a 
mixture of phthalate esters that has the basic structure given in Figure 8.1. The 
unbranched hydrocarbon chains R are predominantly 13 carbon atoms in length with a 
distribution of other chains with similar dimensions (Figure 8.1). 
o 
o I D -11.1 2.1 3.1 4 1 
Figure 8.1, 
The Structure or Emkarate 3020, • Phthalate Ester. 
186 
Chapter 8: EJeClTospray-Low Energy MSIMS of Polymer Additives 
8.1. (ii) Sample Preparation. Samples for analysis by means of ESI were dissolved in 
methanol (MeOH)ltetrahydrofuran (THF) (1: 1 vlv, 100 pmol J,LL-I) and mixed with 
ammonium chloride (0.5%). Enough water was added to the MeOHIfHF to dissolve 
the ammonium chloride which is insoluble in MeOHIfHF. The mobile phase employed 
was MeOHIfHF and the pumping speed was 5 J,LL min-I. 
8.2, ESI-Low Energy Mass Spectrometry of Polymer Additives_ 
A number of factors contribute to the intensity and distribution of the peaks observed 
in the mass spectra of ions generated by ESI. These factors include the amount of salt 
added to the analyte to aid ionisation and the value of the cone voltage. The amount 
of salt (NH .. CI) added to the sample partially determines the intensity of the analyte 
peaks observed which are typically of the form [M+NHJ+. Furthermore, clusters of 
salt are always seen in the ESI mass spectra with the general formula [(NHJ .... IClJ+. A 
distribution of peaks due to the presence of the two isotopes of chlorine is observed 
for every value of n. These clusters were more intense when increased concentrations 
of ammonium salt were added to the sample and the analyte peaks were observed at 
reduced intensity. The concentration of salt employed in these experiments generated 
intense analyte signals with the minimum of salt clusters as shown by Campana and 
coworkers [1]. 
The molecular ions from polymer additives seen in the mass spectra were all singly 
clw-ged species and were predominantly clusters with an arrunonium ion, namely 
[M+NHJ+. Clusters of two molecules of analyte with ammonium ions ([2M+NHJ+) 
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were also observed in all ESI mass spectra of these compounds. The [2M+NH.T ions 
were more intense for polymer additives with a low RMM. Multiply charged ions 
were not observed for any of the samples analysed. This is probably due to the 
molecular shape and low RMM of the polymer additives. The low number of basic 
binding sites in the polymer additives for association with NH': is also an important 
factor u multiply charged ions are often observed in the ESI mass spectra of peptides 
with similar RMM [2]. 
Singly charged protonated molecules (MIr) of phthalate esters were observed at high 
abundances in the mass spectrum ofEmkarate 3020 (Figure 8.2). 
100 
531 
-fI. 
'-'" 
I 517 
i 
503 
545 
1064 
Figure 8.1, 
ESI-MS Spectrum or Emkarate 3010. Cone Voltage - 57 V. 
Ion peaks corresponding to [M+NHJ+ were also seen at low intensities. The 
distribution of MI-r peaks indicates the presence of phthalate esters with chains R of 
10-14 carbon atoms in length (Figure 8.1). The mJz ratio of each ion and the 
corresponding hydrocarbon chain length of the phthalate esters in the observed 
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distribution are shown in Table 8.1. The percentages of phthalate esters with each 
chain length present in the mixture could be estimated by means of a statistical 
approach as employed by Scrivens and coworkers for the analysis of commercial 
lubricants which often contain a complex mixture of esters [3]. 
Mau-to-Charge Length of Carbon Chains R 
Ratio (m/z) (No. of Carbon Atoms in Chain) 
475 11,11 
489 11,12 
503 12,12; 11,13 
517 12, 13; 11, 14 
531 13, 13; 12, 14 
545 14,13 
559 14,14 
Table 8.1. 
Distribution of Chain Lengths for Each MIr Ion Peak of Emkarate 3010. 
Dirners of the various molecular species of phthalate ester are observed at higher m/z 
ratios which are cluster ions with NH./. This indicates the predominance of 
[2M+NHJ+ ions over [2M+Hf at higher m/z ratios. The high mass clusters are 
possibly tetrahedral in structure with each of the four carbonyl oxygen atoms from the 
two ester species present in the cluster interacting with a central anunonium ion. 
Furthermore, the interactions of two species of phthalate esters with a NH.: ion to 
produce the dimers also gives a broader distribution of ion peaks than that given by the 
MI-r species. This phenomenon is observed as a consequence of an increase in the 
statistical distribution of hydrocarbon chain lengths in phthalate esters that may 
contribute to each cluster ion peak. 
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The most important factor that influences the distnbution of moleodar and fragment 
ions in the ESI mass spectra of polymer additives is the cone voltage. The mass 
spectra obtained from Hostanox 03 when the cone potential was set at 30 and 89 V are 
shown in Figure 8.3. At low cone voltages little or no fragmentation occurs but 
dissociations of the ionised species become prominent as the potential is increased. 
This is indicated in Figure 8.3(a) as no decomposition of Hostanox 03 occurs in the 
source region when the cone voltage is 30 V. At a cone potential of 89 V, however, 
considerable fragmentation is observed in the ESI mass spectrum (Figure 8.3(b». The 
ions labelled in Figure 8.3(b) are all fragments from [M+NHJ+ of Hostanox 03. 
1 
<a) Cone = 30 V 
217 (b) Cone - 89 V 
325 
261 
1~ D) ~ 300 3~ 400 4~ soo S~ 600 650 100 7~ 100 150 mil 
Figure 8.3, 
ESJ-MS Spectrum or Hostanox 03 at a Cone Voltage or (a) 30 V and (b).9 V. 
The cone voltage at which decomposition is induced is dependent on the RMM of the 
precursor ion. Fragmentation of species with low RMM is induced at low cone 
voltages whereas polymer additives with higher RMM require a greater input of 
internal energy and therefore only start to fragment at high values of cone potential . 
Furthermore, peaks are observed at 32 and 72 Da greater than that of many fragment 
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ions. These peaks arise due to formation of clusters of fragment ions with solvent 
molecules, namely MeOH and THF which have an RMM of 32 and 72 Da respectively. 
Clusters of solvent with analyte have been observed in the ESI mass spectra of some 
species of synthetic polymers [4]. The ion-molecule reactions which are a prerequisite 
for the generation of these ions would be expected to be more prominent at lower 
values of the cone potential but these clusters are not observed under these conditions 
as no fragmentation occurs. It is presumed that these ions are fonned only with certain 
fragment ions which have low sterlc hindrance. This will be discussed further in 
Section 8.4. 
8.3. Effect of Cone Voltage and CoUision Energy on the ESI-Low Energy CID 
Spectra of Polymer Additives. 
The qualitative distribution of fragment ions changes considerably as the collision 
energy is increased. This is indicated by comparing Figures 8. 4( a) and (b), which are 
the ESI-MSIMS spectra from the precursor ion of Irganox 3114, [M+NHJ+ mlz 802, 
at a cone voltage of 36 V and EooU of 15 eV and 85 eV respectively. This clearly 
shows the shift in mlz ratios of fragment ions at higher collision energies. Larger 
collision energies were required to generate optimum CID spectra of polymer additives 
with higher RMM. This is a consequence of the increasing number of degrees of 
freedom with RMM of the polymer additives. More internal energy is therefore 
required for dissociation to occur. 
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119 (a) cone = 36 V; E coli = IS eV 
203 119 (b) cone = 36 V; E colI= as eV 
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50 100 150 200 2SO 300 3SO .tOO "'SO soo ~so 600 6SO 'JOG 'no 100 ISO 
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Figure 8.4. 
ESI-MSIMS Spectra or IrganoI 3114, [M+NBJ+ mh 801, 
at Cone Voltage 36 V and CoUision Energy (a) 15 eV and (b) 85 eVe 
The cm spectrum of Irganox 1076, [M+NHJ+ mlz 549, obtained at a collision energy 
of 10 eV and cone voltages of 46 and 74 V (Figures 8.5(a) and (b) respectively) show 
the effect of the cone potential on the distribution of fragment ions observed in the low 
energy cm spectra of polymer additives. 
100 - (a) cone = 46 V; E con = 10 eV 475 
419 
149 167 (b) cone = 74 V; E coli == 10 eV 
419 475 
-
107 
Figure 8.5, 
ESI-MSIMS Spectra or IrganoI 1076, [M+NBJ+ mh. 541, 
at CoUisioo Eoergy 10 eV and Cone Voltage (a) 46 V and (b) 74 V. 
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The base peak is mlz 475 when the cone voltage is 46 V but shifts to mlz 167 when 
the potential is increased to 74 V. This implies that the extra internal energy imparted 
to the precursor ion by collisions in the region of the sample cone, which occur at high 
cone po~ is an important factor in determining the quantitative distribution of 
fragment ions observed in the low energy cm spectra from ions of polymer additives 
generated by ESI. The value of the cone voltage has a larger effect on the intensity of 
fragment ions seen in cm spectra from polymer additives of lower RMM such as 
Irganox 1076. 
8.4. ESI-Low Enem em or Polymer Additives. 
8.4.(;) lrganox 1010. Figure 8.6 is the fragment ion spectrum from the anunoniated 
molecule ion ([M+NHJ+) ofIrganox 1010 at a collision energy of35 eV. 
1 00-
() I 
563 729 
731 
675 ¥ 
619 
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841 
119 
899 (M+NB41+ 
415 9S3 
I 1 l- I I I 1 I I I I 
200 400 600 800 1000 
Figure 8.6, 
ESI-MSIMS Spectrum orlrganox 1010, [M+NHJ+ mh. 1194, 
at Cone Voltage 67 V and Conision Energy 35 eVe 
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The low energy cm spectrum from the same precursor ion generated by means of 
desorption chemical ionisation (DCI) is similar [5]. It is interesting to note that the 
spectrum in Figure 8.6 is comparable with that generated by means of LSIMS-MS 
under bigh energy conditions. This indicates that the internal excitation energy 
deposited in the LSIMS ionisation process is similar to that by means of ESI-Iow 
energy cm under the conditions used in these experiments. LSIMS is thought to 
impart an average of approximately 1-2 e V of internal excitation energy during the 
ionisation process [6,7,8]. 
The low energy cm spectrum is dominated by two series of peaks, differing by 56 Da, 
in the centre of the mass range (m/z 500-900). An expanded view of the m/z 
400-1000 region of the spectrum is shown in Figure 8.7. 
1 00- B A 
B B 
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Figure 8.7, 
ExpaDded RegioD (m/z 400-1000) or the ESI-MSIMS Spectrum orIrganox 1010, 
[M+NHJ+ m/z 1194, at Collision Energy 35 eV. 
Closer examination of this region indicates that five series are present, which are 
labelled A-E in Figure 8.7. All ions in each series have a sequential mass difference of 
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56 Da. The m/z ratios of all of the fragment ions in the five series which are observed 
in the cm spectrum are shown in Table 8.2. 
Series Assignment mJz Ratios of Fragment iou Obsenred 
A [M+NH.f -~ - (56)D 1065; 1009;953;897;841; 785; 729 
B [M+NH.f -~ - 278 - (56)D 899~843~787~731;675;619;563 
C [M+NHJ+ -~ - 18 - (56)D 1103; 1047;991;935;879;823; 767; 711 
D [M+NHJ -~ - 260 - (56)D 805;749;693~637;581 
E [M+NHJ+ -~ - 538 - (56)D 639~583;527;471;415 
Table 8.2. 
The Assignment and mJz Ratios or the Various Series of Fragment Ions Obsenred 
in the em Spectrum of IrganoI 1010. 
A general structure for the ions of the B series (mlz 899, 843, 787, 731, 675, 619 and 
563) was postulated by Chen et aI. [5] but no mechanism was forwarded. The 
observation of ions from the A series in the DCI -em spectrum, which are very intense 
in Figure 8.6 (m/z 953, 897, 841, 785 and 729), was not commented upon [5]. 
Meciwtisms which account for the formation of the A and B series are given in 
Schemes 8.1 and 8.2 respectively. 
All fragment ions of Irganox 1010 in Figure 8.6 are formed with initial loss of 
ammonia from the precursor ion. The ions in the A series which are seen in Figure 8.6 
are generated by the loss of 2-8 neutral iso-butene units (iso-CJIJ from [MH]+ (which 
is formed when anunonia is expelled from [M+NHJ+). The neutral iso-C)I. units of 
mass 56 Da are generated by a 1,3-hydrogen rearrangement from a methyl substituent 
of the tert-butyl groups to the substituted phenol ring. The ions formed are proposed 
to have the structures shown in Scheme 8.1. Loss of a carboxylic acid from ions in 
the A series yields the B series. This mechanism requires the site of protonation 
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R' 
11"'<'r). I~ ~ 1r7, MI, 711, 'lit 
R'-H,c(~ 
Scheme 8.1. 
Proposed Mechanism for Generation of the A Series Observed in the 
ESI-MSIMS Spectrum oflrganoI 1010, [M+NBJ+ mJz 1194. 
S63 
o / 
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1009 
Sj() 'J iOO 'J 650 " 700 'J ;~ " iOo " iSo " 900 ' J 9SO 'J 1000 " 1050 ' 1100 ' J I i~ " I " 1':" 
Figure 8.8. 
Precunor ioa Spectrum of mh. S63 from the B Seria in the 
Product loa Spectrum of lrganoI 1010. 
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to be a carbonyl oxygen (Scheme 8.2). A precursor ion scan of m/z 563, the lowest 
mass ion of the B series, is shown in Figure 8.8. 
Optimisation of both the cone voltage and the collision energy were important in the 
generation of all precursor ion spectra. The cone voltage was increased until the 
fragment ion of interest, generated in the source region, was at optimum intensity at 
the first detector. The collision energy was also adjusted so that the yield of the 
product ion generated in the collision cell from all precursors was maximised, as 
recorded at the second detector situated after the second quadrupole mass analyser. 
1- NIl, 
1 
R' 
1"'0""'0":' ::-675.. '1 t. 5Q 
R' · H. C(CHv, 
Scheme 8.2, 
3 
PropoHd Medwaism ror Generation or the B Series Observed ia die 
ESI-MSIMS Spectrum orlrganos 1010, [M+NHJ+ mh.119 •. 
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Precursor ion peaks are observed in Figure 8.8 at masses corresponding to the A 
series. These data are consistent with the fragmentation pathway indicated in Scheme 
8.2 where initial loss of ammonia is followed by sequential losses of iso-C)I. and 
finally a carboxylic acid. Precursor ion scans of higher mass ions in the B series (see 
Appendix C) also support the proposed mechanism. 
Another sequence of ions, labelled C in Figure 8.7, is formed by loss of water from the 
A series. These losses are common from protonated phenol~ indicating that the 
phenolic oxygen is the preferred site of the charge when this process occurs and hence 
the final cleavage, generating water as a neutral, is charge-induced. This is the only 
series of peaks that requires initial protonation of the phenolic oxygen, indicating that 
the favoured site for the proton is the carbonyl oxygen. 
A series of ions of low abundance, labelled D in Figure 8.7, is observed from rn/z 805 
to 581 with a separation of 56 Da. These ions have masses corresponding to the loss 
of 260 Da from the A series. This mass corresponds to an alkene and carbon 
monoxide from ions of the A series. The proposed fragmentation pathway for this 
process is shown in Scheme 8.3. 
Al,4-hydrogen transfer from a carbon a to one of the phenol rings generates alcoholic 
fragment ions. The series denoted E in Figure 8.S is formed by sequential losses of 
278 (Scheme 8.2) and 260 Da (Scheme 8.3) in addition to iso-C)I. units and N~ 
from the precursor ion. 
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Scheme 8.3. 
Proposed Mechanism for Generation of the D Series Observed iD the 
ESI-MS/MS Spectrum of IrganoI 1010, [M+NHJ+ mJz 1194. 
The only other intense fragment ion observed under the conditions employed here is 
that at m/z 219. An ion with the same m/z ratio is the base fragment ion peak in the 
high energy em spectrum of the same compound and the proposed mechanism for 
this process is shown in Scheme 7.1. Other intense fragment ions in the high energy 
cm spectrum such as those observed at m/z 203 and 57 are not present under these 
COnditiODS. The m/z 203 and 57 ions are observe<L however in the low energy CID 
spectrum when the collision energy is increased. Furthermore, no ions are seen above 
mlz 219 Da at the increased value of EGDIl which indicates that m/z 203 and 57 are 
generated by high energy processes. 
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8.4.(;;) Hostonox 03. The ESI-MSIMS spectrum of Hostanox 03 at an Ed of 22 eV 
is shown in Figure 8.9. This spectrum is different from that generated from Irganox 
1010 u there is no series of peaks separated by 56 Da even though Hostanox 03 
contains 4 tert-butyl groups. There is, however, a common separation of 150 Da 
between a high proportion of the fragment ions which indicates that this process is 
more favourable than the loss of 56 Da under the conditions employed. A series of 
three losses of 150 Da is observed for rnIz 795, 645, 495 and 345. This process is 
proposed to occur with loss of 2-tert-butylphenol from a ·fragment ion by a 
1,3-hydrogen rearrangement. 
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Figure 8.9, 
ESI-MSIMS Spectrum or HoStanOI 03, [M+NHJ+ mJz Ill, 
at Cone Voltage 36 V and Collision Energy 22 e V. 
.lo 1 
Furthermore, there are also several rearrangement processes occurring which require 
the site of protonation to be a carbonyl oxygen after initial loss of ammonia from 
[M+NHJ+. An example is the generation of mlz 367 which occurs via a 
clwge-induced 1,5-hydrogen rearrangement with initial protonation at one of the 
carbonyl oxygen atoms. Loss of 150 Da from mlz 367 generates the mlz 217 fragment 
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which is the base peak in the eID spectrum. Furthermore, loss of iso-C)I. from mlz 
217 generates the m/z 161 ion via a similar mechanism to that shown in Scheme 8.1. 
The mJz 217 fragment ion is highly conjugated and the resulting stability probably 
explains its peak intensity in the fragment ion spectrum. The proposed mechanism of 
generating both the m/z 367 and 217 fragment ions is shown in Scheme 8.4 . 
• 
Scheme 8.4. 
Proposed Mechanism for Generation of mJz 367 and 117 Observed ia tbe 
ESI-MSIMS Spectrum of HostanoI 03, [M+NHJ+ mIz 811. 
The precursor ion scan of m/z 217 (Figure 8.10) indicates the occurrence of this 
process as the m/z 367 ion is shown to lose 150 Da in the collision cell. 
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Figure 8.10, 
Precunor ion Spectrum ofmlz 117 rrom the 
Product Ion Spectrum or HostanoI 03. 
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This spectrum also indicates that the m/z 217 fragment ion may be generated by a 
more complicated pathway. These pathways are summarised in Scheme 8.5 which 
shows the proposed main fragmentation routes of Hostanox 03 which are observed by 
means of ESI-Iow energy MSIMS. The pathways shown have been determirwi from 
the various precursor ion scans which have fragments of Hostanox 03 as the product 
ion generated in the collision cell. These precursor ion scans are shown in Appendix 
c. More conclusive evidence for these pathways could be obtained from reaction 
intermediate scans but utilisation of this technique is not possible on tandem 
quadrupole instruments unless there are at least three mass analysers and two collision 
cells (such as with a pentaquadrupole instrument [9,10,11]). 
A mechanism to account for the generation ofrn/z 261 is shown in Scheme 8.6 . 
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Scheme 8.6, 
H 
I 
+0 
1 
\ 
H,Ck-o'c.-oft 
r--1""'-16----ij 
Proposed Mecbaaism for Generatioo of mJz 495 aDd 161 Obluved ia the 
ESI-MSIMS Spectrum of H0518001 03, [M+NHJ+ mJz Ill. 
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TbiJ process occurs with loss of ammonia and two units of 2-tert-butylpbeool followed 
by • 1,5-hydrogen rearrangement with expulsion of a carboxylic acid. The peaks 
observed in the precursor ion spectrum of mJz 261 (Figure 8.11) are consistent with 
this fragmentation pathway. 
100 
261 
495 
SSO 600 6SO 
Figure 8.11. 
Precunor ion Spectrum ormJz 261 rrom the 
Product Ion Spectrum or Hostanox 03. 
7SOmlzlOO 
The rn/z 325 ion, the most abundant fragment ion in the high energy em spectrum of 
Hostanox 03, is also observed in Figure 8.10. The mechanism for generation of this 
product ion is presumed to be similar under both high and low energy conditions 
(Scheme 7.4). 
A shift in the distribution of the fragment ions occurs when the collision energy is 
increased. The only fragment ions observed are below mlz 325 at E~ of >80 V. The 
spectra at these high collision energies are very similar to that of the MSIMS spectrum 
of the mJz 325 fragment, which is generated in the source at high cone voltages. This 
phenomenon is similar to that observed for Irganox 3 114 (Figure 8.4) and indicates 
that • narrow range of internal energies is imparted into the precursor ion by collisional 
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activation under low collision energy conditions. This is in agreement with the results 
of Cooks and coworkers [12]. 
8.4. (iii) Irganox 3114. The main decomposition process of Irganox 3 114 is similar to 
that of Irganox 1010 which is indicated by the low energy CID spectrum in Figure 
8.4(a). The main fragmentation processes are the loss of a series of iso-CJI. units 
from MIr and the generation of mJz 219. 
8.4.(iv) Irganox 1076. An important feature of the fragment ion spectrum of Irganox 
1076 generated by means of DCI-Iow energy MSIMS [5] is the observation of two 
ions at mJz 167 and 149. These ions are typically observed at high abundance in the EI 
and fragment ion spectra of phthalate esters [13,14,15,16,17,18,19,20]. Furthermore, 
the RMM of Irganox 1076 is the same as that of a phthalate ester with two 
hydrocarbon chains containing 13 carbon atoms each (Figure 8.1). As a consequence 
it was necessary to compare the CID spectra of these two compounds to verify that the 
CID spectrum acquired by Chen and Her [5] was obtained from pure Irganox 1076 
and not from a phthalate ester with the same RMM. The spectra obtained (Figures 8.5 
and 8.12) indicate that the compound employed by Chen and Her was indeed Irganox 
1076 as the spectra obtained by means of ESI (Figure 8.5) and DCI-MSIMS [5] are 
very similar. Furthennore, the CID spectrum from the phthalate ester (Figure 8.12) 
with the same RMM is considerably different from that generated from the antioxidant. 
The main fragmentation pathways of Irganox 1076 by means of ESI-low energy crn 
are shown in Scheme 8.7. These dissociation routes were generated from the data 
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provided by the precursor ion spectra shown in Appendix C. Initial losses of NH3 
followed by iso-C)\ units from the precursor ion are prominent and are observed as 
fragment ions at rn/z 531, 475 and 419 respectively. The mechanisms for these 
processes are the same as those proposed for generation of the A series from Irganox 
1010 (Scheme 8.1). 
Many peaks were observed in the precursor ion spectra at a mlz ratio which was 32 
(F+32) or 72 (F+72) Da higher than that of certain fragment ions of Irganox 1076. 
Furthermore, the F+32 and F+72 peaks were not seen in the product ion spectra of 
Irganox 1076 (Figure 8.5). These ions are clusters of the fragment ions of Irganox 
1076 with solvent, either MeOH (RMM 32 Da) or THF (RMM 72 Da), which were 
also observed in the ESI mass spectra when the cone voltage was similar to that 
employed for precursor ion scanning experiments. 
The structures of the rn/z 167 and 149 fragment ions observed in the DCI-MSIMS 
spectrum of Irganox 1076 were proposed but no mechanisms of generation were 
forwarded [5]. The structure proposed by Chen and Her for the mlz 149 ion requires 
cleavage a to the benzene ring which is a high energy process. The meclwUsm 
forwarded for mlz 149 (Scheme 8.8) is very similar to that proposed for generation of 
the rn/z 367 fragment in the low energy MS/MS spectrum of Hostanox 03 (Scheme 
8.4). This process occurs via a 1,5-hydrogen rearrangement from the protonated 
carbonyl oxygen to the p-carbon of the alkyl chain to generate formaldehyde and an 
alkane as neutral species. This is a much lower energy process than that proposed by 
Chen and Her [5] which is a direct bond cleavage. 
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Scheme 8.8. 
Proposed Mechanism for Generation of mlz 419 and 149 Observed in the 
ESI-MSIMS Spectrum or lrganoI 1076, [M+NHJ+ mJz 541. 
A 1,5-hydrogen rearrangement is also proposed to generate the mlz 167 fragment ion 
(Scheme 8.9) which has a protonated carboxylic acid structure. 
o l~+ 
~ -MIt • ~" -lll c.Ha 
Scheme 8.9, 
! 
H 
Proposed Mechanism for Generation or mJz 419 and 167 Observed in the 
ESI-MSIMS Spectrum or lrganoI 1076, [M+NHJ+ mh. 541. 
8.4. (v) EmkaraJe 3020. The low energy CID spectrum of the mlz 531 ion (MH) 
from Emkarate 3020 (Figure 8.12) is dominated by a series of hydrocarbon fragment 
ions with the formula [C.Hw.r observed at lower mlz ratios. 
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Figure 8.12. 
ESI-MS/MS Spectrum oCEmkarate 3020, MIr mJz 531, 
at Cone Voltage 36 V and Collision Energy 15 eV. 
MD+ 
I 
These ions are generated by loss of the whole or part of the hydrocarbon chain from 
the phthalate ester. The ions fonned include a prominent ion (mlz 183) which 
corresponds to loss of the whole R group of the phthalate ester. There are also less 
abundant ions at mlz 197 and 169 which show the presence of a C l., Cll phthalate ester 
in the mixture. This isomer has the same RMM as that of the CllJC IJ phthalate ester 
(Table 8.1). An intense peak at mlz 169 is observed in the cm spectrum of the mlz 
517 precursor (Figure 8.13) which is predominantly a CllJCl2 phthalate ester. 
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Figure 8.13. 
ESI-MSIMS Spectrum oCEmkarate 3020, ~ mh. 517, 
at Cone Voltage 36 V and Collision Energy 13 eV. 
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This peak is similar in intensity to that of the m/z 183 ion. The intensity of these peaks 
may therefore be employed to give an approximate guide to the distnbutions of length 
and proportions of the hydrocarbon chains of the phthalate ester at a certain m/z ratio. 
Ions characteristic of the EI [13,14,15] and high energy CID [16,17,18] spectra of 
phthalate esters, namely those at m/z 167 and 149, are also observed in the ESI-Iow 
energy em spectrum. Mechanisms for the generation of these ions [13,14,15,16] and 
fragmentation pathways [15,18] have been proposed for the dissociation of phthalate 
esters. Other prominent fragment ion peaks in Figure 8.12 are those at m/z 349 and 
331 which are generated with loss of one of the hydrocarbon chains of the phthalate 
ester [19,20]. Peaks of weak intensity are also observed at rn/z 317, 335, 345 and 363 
which correspond to the losses of C l • or Cll chains from the precursor ion. These 
again indicate the presence of the mixture of phthalate esters which make up each ion 
peak in the mass spectrum. The precursor ion scan ofrn/z 149 (Figure 8.14) indicates 
that this fragment ion may be generated by the pathway shown in Scheme 8.8. 
Figure 8.14, 
Precunor ion Spectrum of mh 149 from the 
Product Ion Spectrum of EmkArate 3020. 
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Scheme 8.10. 
Propo.ed Mechanism for Generation or mJz 349, 167 a.od 149 Observed ia the 
ESI-MSIMS Spectrum or Emkarate 3020, [M+NHJ+ mJz 541. 
The m/z 149 ion may be generated from a phthalate ester with any chain length as 
indicated by Figure 8.14 and the pathways proposed previously [13,14,15,18]. 
8.5. Summa". 
The cone voltage and the collision energy have been shown to have a nwked effect on 
the quantitative and qualitative distribution of fragment ions observed in the low 
energy cm spectra from ions of polymer additives generated by ESI. Furthennore, 
rearrangements were the predominant pathways for the generation of the fragment ions 
observed. Losses of iso-CJI. units are prominent from polymer additives which 
contain tert-butyl groups while losses of 2-tert-butylphenol were also observed in the 
cm spectra of Hostanox 03. 
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CHAPTER 9. 
AVERAGE MASS VALUES AND END 
GROUP INFORMATION OF 
POLYMERS. 
Chapter 9: MALDI-MS and LSlMS-MSIMS of Polymers 
9.1. Introduction. 
The introduction of soft ionisation techniques such as matrix-assisted laser desorption 
ionisation (MALOI) [1] and developments in instrumentation have increased the 
interest in the analysis of polymers by means of mass spectrometry [2,3,4,5,6,7,8,9,10, 
11,12, 13,14,15]. Mass spectra produced by MALOI give mean mass values and mass 
envelopes that often correlate well with other analytical techniques such as gel 
permeation chromatography (GPC) [16,17]. The low resolution and mass accuracy of 
the technique when combined with time-of-flight (TOF) analysers, however, means 
that the detennination of the mass and structure of polymer end groups is often not 
possible. Currently, very few laboratories are able to undertake tandem mass 
spectrometry experiments with ions generated by MALDI and it is therefore difficult to 
obtain end group information. It is possible, however, to perform CID experiments in 
TOF instruments by means of post source decay. 
The combination of accurate average mass measurements, mass envelopes and end 
group information can, however, be achieved by carrying out two experiments. The 
average mass values are initially obtained from MALOI spectra. Ions of the same mass 
as those present in MALOI sp~ are then generated by liquid secondary ion mass 
spectrometry (LSIMS) in a sector instrument and collision induced dissociation (CID) 
experiments performed yielding fragment ions in the CID spectra that can give end 
group information. The mass envelopes of polymers observed in LSIMS-MS spectra 
are typically centred at lower mlz ratios, compared to that seen by means of 
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MALDI-MS, as a consequence of fragmentation and reduced ionisation efficiency at 
bigh mass. 
The classes of synthetic polymers studied were polymethyimethacryiates (PMMA) and 
polystyrenes (PS). The structures of these polymers are shown in Figure 9.1. 
Figure 9.1. 
The Structure or the Polystyrenes and Polymethylmethacryiates Employed. 
The different end groups R of the PMMA polymers studied are shown in Figure 9.2. 
Spectra ofPMMA samples with all four different end groups have been obtained. 
R Groups 
H 
I 
CN 
oJA 
101 116 
Figure 9.2. 
The End Groups or the PMMA Samples Studied .. 
A few studies of polystyrene [2,7] and PMMA [2,4] have been performed by means of 
MALDI-MS. The structural determination of synthetic polymers by means of 
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LSIMS-MSIMS [18,19,20,21,22,23] has been almost totally limited to polyglycols 
[18,19,21,22,23]. 
9.2. Experimental 
9.2.(;) Mass Spectrometry. UV-MALOI spectra were obtained by means of the 
TOFSPEC mass spectrometer operated in linear or reflectron mode with an 
accelerating potential of 25 kV. Approximately 50-100 laser shots were employed to 
obtain the mass spectra under control of the OPUS data system. 
LSIMS spectra were acquired by means of the ZAB-T tandem mass spectrometer 
operating at an accelerating potential of 8 kV. Precursor ions for em experiments 
were selected at greater than unit mass resolution by MS 1. The ion beam was 
attenuated by 80 % with argon at 4 ke V collision energy in the mid-point collision cell. 
The microchanne1 plates of the array detector were held at the maximum electrical 
potential of 1.875 kV. Acquisition of 5-20 scans under control of the OPUS data 
system was used to produce the fragment ion spectra. 
9.2.(ii) Sample Preparation. For MALOI spectra of cationated spectes, silver 
trifluoroacetate or sodium iodide solution (10 mg mL,llMeOH) was added to the 
matrix solution (10 mg mL,llMeOH) and the sample solution (10 mg mL,llMeOH) in a 
1: 10: 1 ratio. Dithranol was the matrix of choice for experiments with polystyrene and 
indole acrylic acid (IAA) was employed with PMMA samples. The structures of the 
matrices employed for MALOI experiments are shown in Figure 9.3. Meta-nitrobenzyl 
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alcohol (NBA) was the matrix for analysis by means of LSIMS-MS. The addition of 
sodium iodide (NaI) or silver trifluoroacetate promoted the generation of cationated 
adducts. 
Ditbranol 
RMM226.2 
o 
~ >-00 A-{ (]{ 
~) 
I 
H 
3-lndoleacrylic Add (IAA) 
RMM 187.2 
Figure 9.3. 
The Structures and RMM or the Matrices Employed in MALDI ExperimentL 
'.3. MALDI-Mass Spectrometry or Polymen. 
9. J. (i) Calibration for MAWI Experiments. The accuracy of an external calibration 
in MALOI experiments was optimum when the calibrant was close to the sample in 
structure. Synthetic polymers as calibrants, in this case a mixture of three polystyrene 
samples, generate a better calibration file than that obtained from biopolymers. The 
samples employed were polystyrene 1700, 5050 and 10200 as they generated MALOI 
spectra with peaks covering the mass range of interest, 1000-15,000 Da. The mixture 
of polystyrene samples employed as the calibration mixture generated the MALOI 
spectrum shown in Figure 9.4. This mass spectrum was obtained in linear mode. 
The calibration file was generated by employing seven peaks from the mass spectrum 
which were spread across the mass range of interest. The higher mass sampl 
employed were at • higher concentration in the mixture. The same method w used 
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to generate calibration files in the reflectron mode of operation. The reduced detection 
efficiency in reftectron mode, however, made the generation of spectra with peaks 
from all three polymer samples problematical. 
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Figure 9.4. 
MALDI Spectrum of Mixture of Polystyrene Standards (1700, 5050 and 10200) 
Employed for Calibration (Linear Mode, IAAlAcetone/Silver Triftuoroacetate). 
The mass accuracy obtained for some polymers with the calibration file generated from 
this mixture is discussed below. Improvements in mass accuracy could be obtained 
with an internal calibration, where the calibrant selected would have an avenge mass 
close to that of the sample of interest. 
9.3.(ii) MALDI-MS of Polymethylme/hacry/a/e (pA/MA) Standards. Figures 9.5 and 
9.6 show the MALOI mass spectra of PMMA 2010, a GPe standard, generated in 
reftectron and linear modes, respectively. Similar distributions are observed in both 
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modes. The spectra are dominated by two series of ion peaks which correspond to 
[M+Nar and [M+Kr species of intact oligomers. Previous studies have shown that 
Li+ and Na+ are approximately equally efficient at ionising PMMA when a metal salt is 
added to the sample/analyte mixture [24]. Furthennore, it has been suggested that the 
cationised matrix is the ionising agent [24]. No salt was added to the matrix to 
promote cationisation in these experiments and hence the metal cations probably 
originated from the sample disk, sample containers or as impurities in the matrix. 
Similar species were observed in spectra of PMMA standards, acquired with no added 
salt, by Lloyd et al. [17]. Cations of the metals, Na+ and K+, are also seen in the 
spectra along with matrix ions. 
No fragmentation of the oligomer adduct ions were observed. Ions are seen for 
oligomeric species from the 7-mer to the 35-mer of the polymer in both linear and 
reflectron modes of operation. The observed resolution is improved approximately 
three times in reflectron mode over linear mode. The [M+Naf and [M+K]+ peaks are 
fully resolved for all oligomeric adduct ions in ret1ectron mode but are not in linear 
mode. The low resolution in linear mode leads to the generation of one peak for 
[M+Nar and [M+Kr ions at higher mJz ratios in the spectrum. A comparison of the 
mass accuracy obtained by means of the two modes was undertaken and is summarised 
below. The calibration files employed were those generated by the method described 
above. 
Table 9.1 shows the mean masses of [M+Naf ions obtained from three spectra 
acquired from the same sample spot in reflectron mode. 
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Figure 9.S. 
MALDI Spectrum orPMMA 2010 (Renectron Mode, IAAlAcetone). 
15 ~ . I: 1)- '- i... .... ~ "" ~ III ~ 1.,1 u \i .... IwI ... \i \.J ... \..I ~ " ""~  
100 1000 llOO 1400 1600 1100 2000 2200 2AOO 2'00 2100 3000 3200 }400 
Figure 9.6. 
MALDI Spectrum orPMMA 2010 (Linear Mode, IAAlAcetone). 
221 
Chapter 9: MALDI-MS and LSIMS-MSIMS of Polymers 
The mean percentage error in mass calculated by averaging values generated for 
twenty oligomers is 0.020010. The percentage errors in mass, compared to the 
calculated mass, are also presented for each oligomer and an average for twenty 
oligomers. The corresponding calculated average percentage error for linear mode is 
0.058% and the computations are shown in Table 9.2. 
The mass accuracy was found to be reduced by the doping of the matrix with sodium 
iodide. Adducts with Na+ were observed in the spectra with no [M+Kr series. 
n Formula Massaak Mass.lD(mean) e;. Error 
10 C~O~a+ 1025.96 1026.3 33e-3 
11 C,,~O;nNa+ 1126.09 1126.48 20e-3 
12 C~02ANa+ 1226.21 1226.48 22e-3 
13 C6sH1060:u;Na + 1326.34 1326.62 21e-3 
14 C.J-I11401,Na + 1426.46 1426.75 20e-3 
15 C7sHl220~a+ 1526.59 1526.88 19e-3 
16 C.JI1300]~a+ 1626.71 1626.96 15e-3 
17 C'SH13,0]4Na + 1726.84 1727.05 12e-3 
18 CjIl46036Na+ 1826.96 1827.3 19e-3 
19 C~HIS40],Na + 1927.08 1927.38 16e-3 
20 ClcJll610~a+ 2027.21 2027.49 14e-3 
21 ClosHI7004~a+ 2127.33 2127.74 19e-3 
22 CllJiI7l0 .. Na+ 2227.45 2227.82 17e-3 
23 C11,HII60 46Na + 2327.57 2327.96 17e-3 
24 Cl~1940..,Na+ 2427.69 2428.15 19e-3 
25 CI2SHm°soNa+ 2527.81 2528.46 26e-3 
26 Cl~100,~a+ 2627.92 2628.56 240-3 
27 C13S~I,0S4Na + 2728.04 2728.6 21e-3 
28 CI~OS6Na+ 2828.18 2828.74 20e-3 
29 CI4sHn..°s.Na+ 2928.29 2929.17 30e-3 
% Error (Mean) 20e-3 
Table 9.1, 
Mass Accuracy Values orPolymetbylmetbacrylate 2010 (RenectroD Mode). 
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Furthermore, the observed resolution was much lower in the spectra when the sample 
was doped. The addition of 18-crown-6-ether to the matrixlanalyte solution has been 
found to promote the generation of spectra with only [M+Nar series as the potassium 
ions complex with the additive [25]. Employing a composite matrix has also generated 
spectra dominated by [M+Nar ions [25]. Furthermore, the removal of either cation 
may be caused by running the matrixlanalyte solution through an ion exchange column 
[25]. These methods of cationisation were not found to degrade the observed 
resolution or mass accuracy [25]. 
D Formula Masscalr Mass~( mean) -I. ElTOr 
10 C~O~a+ 1025.96 1026.91 93e-3 
11 Css~O:nNa+ 1126.09 1126.92 74e-3 
12 C~01ANa+ 1226.21 1226.94 6Oe-3 
13 C6SH 1060 26Na + 1326.34 1327.16 62e-3 
14 C,JI1140 2lNa + 1426.46 1427.26 56e-3 
15 C."HI220~a+ 1526.59 1527.37 51e-3 
16 C.JII3003~a+ 1626.71 1627.45 45e-3 
17 CasHl3a034Na + 1726.84 1727.68 49e-3 
18 C~'46036Na+ 1826.96 1827.76 44e-3 
19 C9SH'S403.Na + 1927.08 1927.96 46e-3 
20 C1oJi1620 ..,Na + 2027.21 2028.2 49e-3 
21 ClosHI7004~a+ 2127.33 2128.36 48e-3 
22 CIIJ"lI7I044Na+ 2227.45 2228.52 48e-3 
23 CIUHI16046Na+ 2327.57 2328.79 52e-3 
24 CI~I940..,Na+ 2427.69 2428.97 53e-3 
25 C'2S~OsoNa+ 2527.81 2529.33 6Oe-3 
26 CI~IOO5~a+ 2627.92 2629.64 65e-3 
27 CI3S~I.OS4Na + 2728.04 2729.7 61e-3 
28 CI~OS6Na+ 2828.18 2830.07 67e-3 
29 C,4sHn,.°saNa+ 2928.29 2930.48 75e-3 
0/0 Error (Mean) 58e-3 
Tablt 9.2. 
Mass Accuracy Values or Polymetbylmdhacrylatt 2010 (Linur Modt). 
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Figure 9.7. 
MALDI Spectrum or PMMA 5270 (Linear Mode, IAAlAcetone). 
3000 4000 6000 7000 8000 9000 10000 11000 mh 
Figure 9.8, 
MALDI Spectrum or PMMA 9200 (RenectroD Mode, IAAJAtetoDe). 
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The spectra of PMMA 5270 and 9200, both also GPC standards, are shown in Figures 
9.7 and 9.8, respectively. Smooth mass envelopes are observed in both spectra \\ith 
[M+Naf and [M+Kf ions resolved at lower mJz ratios. The spectra indicate that the 
molecular weight distributions of the samples have low mass tails. 
9.3. (iii) MAWI-MS of PMMA Samples with Different End Groups. Novel PMMA 
samples with three different end groups were analysed by means of MALD I -M S as a 
comparison with the standards with hydrogen end groups. The names and the masses 
of the proposed end groups (R in Figure 9.2) of the three samples are shown in Table 
9.3. 
Name Mass of End Group R (Da) 
ERCT9B 101 
PEGFC9.5 149 
PEGFCl1.5 116 
Table 9.3. 
Names and Proposed End Group (R in Figure 9.2) Masses (Da) 
of PMMA Samples. 
Spectra of PEGFCI1.5, generated in linear and reflectron modes respectively, are 
shown in Figures 9.9 and 9.10. The species observed in the spectra were again 
[M+Naf and [M+Kf ions of intact PMMA oligomers with a mass difference of 100 
Da between peaks. The broad mass envelopes observed indicate that the polymer has 
a high polydispersity. Higher oligomers are observed in linear mode up to 
approximately 12,000 Da compared to approximately 9000 Da in reflectron mode 
Furthermore, ions of these higher oligomers are observed at low abundances in linear 
mode. These ions are not observed in reflectron mode as a consequence of the 
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1000 2000 3000 10000 11000 m/z 
Figure 9.9. 
MALDI Spectrum orPEGFCll.S (Linear Mode, IAAlAcetone). 
Figure 9.10, 
MALDI Spectrum or PEGFCll.S (Reflectron Mode, Y.AlAcetooe). 
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reduced collection efficiency and detection efficiency in reflectron mode. The peak 
maximum is observed at approximately mlz 1800 in both modes. 
The optimum mean percentage error between the calculated and experimental masses 
is 0.014 and 0.045 in reflectron and linear modes respectively. The mlz ratios of lower 
molecular weight oligomers were used to generate these values as the [M+Nar and 
[M+Kr peaks were not resolved at higher values. The experimental masses used for 
the above calculations were the best obtained for this group of samples and were not 
indicative of the general mass accuracy. The mlz ratios observed allow detennination 
of the mass of the end groups to within approximately ± 1 Da. The values obtained 
are consistent with the structure of the end group shown in Figure 9.2 but do not 
provide unequivocal determination of the mass. 
The rn/z ratios of adduct ions of oligomers observed in the spectra of PEGFC9. 5 
(Figure 9.11) and ERCT9B (Figure 9.12) are also consistent with the proposed end 
groups, to within ± 2 Da. 
The ions observed in the spectra indicate that the samples also have large 
polydispersity values. Ions are observed from mlz 1000 to greater than 10,000 Da for 
the samples. The ion currents generated from all three samples were generally of a 
much lower abundance than for the PMMA standards. 
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2000 6000 8000 10000 12000 14000 
mIz 
Figure 9.11. 
MALDI Spectrum of PEGFC9.5 (Renectron Mod~ IAAJAcetone). 
3000 6000 7000 1000 9000 10000 11000 
Figure 9.12. 
MAWI Spectrum of ERCf9B (Linur Mod~ IAAlAcetone). 
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5~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
1400 1600 1800 2000 2200 2,400 2600 2100 3000 mIz 
Figure 9.13, 
MALDI Spectrum of Polystyrene 1700 (Linear Mode, IAA/AcetonelSilver 
TriOuoroacetate). 
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Figure 9.14, 
MALDI Spectrum of Polystyrene 1700 (Renectron Mode, IAAlAcetontlSilver 
Trinuoroacetate). 
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9.3.{iv) MALDI-MS of Polystyrene Standards. The MALDI spectra of polystyrene 
1700 in linear and reflectron mode are shown in Figures 9. 13 and 9. 14 respectively. 
The adduct ions of oligomers observed are all the silver adducts, [M+ Agf. Smooth 
mass envelopes are observed with [M+ Agf ions given by the 6-mer to the 29-mer. 
Abundant [M+Agf ions were observed in previous MALDI-MS experiments with 
polystyrene standards [2,4]. The experimental average error in mass accuracy values 
for this polymer are 0.013% (Table 9.4) and 0.033% (Table 9.5) respectively, where 
all ions are assigned as [M+Agf. The improved mass accuracy for polystyrene 1700, 
compared to PMMA 2010, is as expected with the calibration obtained from a mixture 
of polystyrenes. 
n Formula Massak Masscxo( mean) e;. Error 
9 C76HnAg+ 1103.29 1103.1 17e-3 
10 C84l4Ag+ 1207.42 1207.38 3e-3 
11 C~sAg+ 1311.56 1311.61 4e-3 
12 C,oJ-I'06Ag+ 1415.7 1415.77 5e-3 
13 CIOSHI14Ag+ 1519.85 1519.97 8e-3 
14 C116H122Ag+ 1624 1624.08 5e-3 
15 C,24H ncAg+ 1728.15 1728.32 l0e-3 
16 CI3~\38Ag+ 1832.3 1832.46 9e-3 
17 C,.J-II 46Ag + 1936.45 1936.66 lle-3 
18 CI48HI54Ag+ 2040.6 2040.89 14e-3 
19 CIS6HI62Ag+ 2144.76 2145.07 14e-3 
20 C'64HI-roAg + 2248.91 2249.15 lle-3 
21 C,nHl78Ag+ 2353.07 2353.39 14e-3 
22 C,sJIl86Ag+ 2457.22 2457.61 16e-3 
23 CI8SHI94Ag+ 2561.37 2561.92 21e-3 
24 CI96H202Ag+ 2665.52 2666.14 23e-3 
25 C204~lcAg+ 2769.69 2770.05 13e-3 
26 C21 AI8Ag+ 2873.84 2874.86 35e-3 
% Error (mean) 13e-3 
Table 9.4. 
Mall Accuracy Values of Polystyrene 1700 (Reflectroo Mode). 
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n Formula Masscak Muscm( mean) ·1. Error 
9 C76H82Ag+ 1103.29 1103.26 3e-3 
10 CsfixAg+ 1207.42 1207.8 31e-3 
11 C~Ag+ 131l.56 1312.64 82e-3 
12 C1oJI106Ag+ 1415.7 1416.17 7~3 
13 ClOSHI14Ag+ 1519.85 1520.39 3~3 
14 Cl16Hl22Ag+ 1624 1624.17 l0e-3 
IS Cl24HI3oAg+ 1728.15 1728.2 3e-3 
16 C13~13RAg+ 1832.3 1832.47 9e-3 
17 C1jIl46Ag+ 1936.45 1936.76 16e-3 
18 Cl48HI54Ag+ 2040.6 2040.88 14e-3 
19 C1S6HI62Ag+ 2144.76 2145.07 14e-3 
20 Cl64H17oAg+ 2248.91 2249.41 22e-3 
21 C1nH17sAg+ 2353.07 2354.07 42e-3 
22 C\8JII86Ag+ 2457.22 2459.12 77e-3 
23 ClssHI94Ag+ 256l.37 2561.29 3e-3 
24 CI96H202Ag+ 2665.52 2667.77 84e-3 
2S C204H210Ag+ 2769.69 2769.35 12e-3 
26 C212~ISAg+ 2873.84 2875.73 66e-3 
% Error (mean) 33e-3 
Table 9.5. 
Mass Accuracy Values of Polystyrene 1700 (Linear Mode). 
The MALOI spectra of polystyrene 7600 generated in linear and retlectron modes are 
shown in Figures 9.15 and 9.16. The spectra contain ions which are silver adducts. 
[M+Agf from below 5000 Da to above 11,000 Da differing by 104 Da, the mass of 
the repeat unit of polystyrene. 
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~ooo ~500 6000 6500 7000 7500 1000 .~oo 9000 9500 10000 IOSOO mIz 
Figure 9.15. 
MALDI Spectrum of Polystyrene 7600 (Linear Mode, IAAlAcetonelSilver 
TriOuoroacetate). 
Figure 9.16, 
MALDI Spectrum of Polystyrene 7600 (Renectron Mode, IAAlAcetontlSilvtr 
Trinuoroactute). 
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9. 3. (v) Average Mass Values oj PMMA and PS. Previous comparisons have generally 
led to the conclusion that similar ~ and M. values are generated for polymer samples 
of low polydispersity by means of GPC and MALDI-MS [16,17]. A recent report 
indicated that the peak average molecular weight (MJ values generated by 
MALDI-MS are inaccurate when the polymer has a high polydispersity (POi) [13]. 
The reason for this anomaly has been explained as a consequence of the difference in 
display of the data from that of MALDI spectra [26]. Furthennore, the M., values 
generated from MALDI spectra were found to be lower than that generated by GPC 
data due to the poor resolution of higher mlz ions of oligomers in the MALDI 
experiment and the relatively high sensitivity ofGPC at high mass [26]. 
The average mass <M.a and M.) and polydispersity values calculated for PMMA and 
polystyrene standards from the MALDI spectra are shown in Table 9.6. Peak areas 
rather than heights were employed as these account more satisfactorily for the isotope 
and instrumental contributions that cause peak broadening [26]. 
Sample M. M. Polydispenity 
(M.jMJ 
PMMA2010 1894 2035 1.074 
PMMA5270 4829 5018 1.039 
" 
, ' 
' ' , , "0°, 
PS 1700 1885 2035 1.079 
PS 7600 7484 7606 1.016 
Table 9.6. 
The Number Average, Weight Average Molecular Muses and Polydispenity 
Values orPMMA and Polystyrene Standards Generated rrom MALDI-MS 
Experiments. 
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The low polydispersity values calculated are consistent with the narrow distribution of 
peaks which are observed in the spectra ofPMMA and polystyrene standards. 
'.4. LSIMS-Mass Spectrometry of Polymen. 
9.4. (i) LSIMS-MS of PMMA. An intense distribution of peaks corresponding to 
[M+Nar ions of intact oligomers is observed in the LSIMS mass spectrum of PMMA 
2010 (Figure 9.17). These sodiated ions have the same mJz ratios as those observed in 
the MALOI spectra of the same compound. This envelope of ions start at mlz 625 
(the 6-mer) and extends to greater than rnJz 3000. The distribution centres at 
approximately m1z 1400 which is approximately 400 Oa less 
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Figure '.17. 
LSIMS Spectrum orPMMA 2010 (NBA MatrWNal). 
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than that found by MALDI-MS. Higher mass oligomers are observed at reduced 
relative intensity in the LSIMS spectrum in comparison to that observed by 
MALDI-MS. The skewed nature of this distribution is probably a consequence of two 
factors. One determinant is the reduced efficiency of ionisation of higher molecular 
weight materials by means of LSIMS ionisation. A second factor is the fragmentation 
observed in the LSIMS spectrum. Various series of fragment ions are observed in the 
mass spectrum and their origin will be discussed in the next section. 
The reduced ionisation efficiency of oligomers with higher molecular weights by 
LSIMS is probably the most important factor in the observation of a mass envelope 
centring at lower rnIz values in comparison to those given by MALDI-MS. There is 
no evidence that fragmentation of oligomers is more prevalent for high mass species 
and that these ions dissociate to generate fragment ions with the same m1z ratios as 
those of intact oligomers. For these reasons it is more reasonable to employ 
MALDI-MS over LSIMS-MS for generating average mass values for p~ 2010. 
One advantage of employing LSIMS with a sector mass spectrometer over MALO I 
with a TOF analyser is the improved mass accuracy. The experiments on the ZAB-T 
enabled one to obtain mass accuracy of ±O.1 Da for oligomers with a dynamic 
resolution of greater than 1000 (10010 valley definition) under the conditions employed 
in the present work. Accurate mass measurements would enable the empirical 
formulae for each oligomer to be a calculated and hence aid end group determination 
as the structure of the repeat unit of the polymer is known. These experiments would 
be made problematical by the short lived ion currents for polymers generated by 
LSIMS. 
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The generation of intense ion signals from polymers by LSTh1S is made difficult by the 
sample preparation. The spectra generated are not very reproducible and high 
concentrations are required to obtain intense ion signals from the sample. The signals 
obtained are also very short lived. When the LSIMS ion gun is turned on intense 
signals are observed which reduce very rapidly. 
The LSIMS mass spectrum ofPEGFC9.5 (Figure 9.18) is dominated by fragment ions. 
Adducts of intact oligomers with sodium are observed at low abundance with a 
maximum at approximately m/z 1600. Peaks are observed at m/z 219, 530 ~) and 
553 ([M+Nar) which indicates that Irganox 1076 is present as an additive in the 
sample. 
100 
95 
90 
as 
Figure 9.18, 
LSIMS Spectrum ofPEGFC9.5 (NBA MatrWNaJ). 
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9.4.(;;) LSIMS-MS of Polystyrene. The LSIMS mass spectrum of PS 1700 is 
dominated by peaks at low mlz ratios which correspond to dissociation of the polymer, 
matrix ions and fragmentation of polymer additives. 
Adduct ions of intact oligomers with silver ([M+Agf) were observed at low 
abundance between mlz 1000 and 3000. This expanded region of the spectrum is 
shown in Figure 9.19. Other series of ions are observed in this region of spectrum 
which probably correspond to oxidation of the polymer on the probe tip. This 
phenomenon is often found when NBA is employed as the matrix for LSIMS 
ionisation. The presence of silver adducts in the spectrum is indicated by a comparison 
Jrpnos 1010 
IM+A&J+ 
~ 
........ 101. 
M" 
~ 
II OJ 
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1 III 
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lotS7 
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FigUre 9,19. 
Partial LSIMS Spectrum (mh 1000-3000) or Poly tyreoe 1700 
(NBA MatriVSilver Trifluoro cetat ). 
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of the theoretical isotope distribution with that observed in the experiment (Figure 
9.20). The two isotopes of silver, 107 Ag and 109 Ag, give rise to an extended distnbution 
of peaks in the region of the adducts. The experimental distribution gives a good fit 
with that calculated. 
The radical cation ~ and the silver adduct ([M+Agf) of Irganox 1010 are also 
observed in Figure 9.19. The intensity of the additive peaks reduces very quickly after 
the ion gun is turned on, relative to those from oligomeric adducts. An expansion of 
the lower region of the LSIMS spectrum is shown in Figure 9.21 which indicates the 
presence of fragment ions of Irganox 1010. The origin of these ions is discussed in 
Chapters 7 and 8. 
9.5. LSIMS-Tandem Mass Spectrometry of Polymers. 
9.5.{;) LS/MS-MSIMS of PMMA. Figures 9.22, 9.23 and 9.24 are the LSIMS-MSIMS 
spectra of m/z 1825.7, 2025.8 and 2526.0, [M+Nar, from PMMA 2010. The CID 
spectra of PMMA 2010 are dominated by fragment ions at low mJz ratio, below mJz 
500. These fragment ions are generated by direct cleavage of the polymer backbone. 
Two series of ions are observ~ both differing in mJz ratio by 100 Da which is the 
mass of the repeat unit of PMMA. These ions have mJz ratios of 110 + lOOn and 124 
+100n where n = 0-4. These fragment ions aid end group identification and were 
observed in the em spectra obtained from all oligomers of P~fMA 2010 studied 
ranging from the 14-mer to the 25-mer. These fragmentation pathways are shown in 
Scheme 9.1. 
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Figure 9.22. 
LSIMS-MSIMS Spectrum ofPMMA 2010, [M+Nar mJz 1825.7 
(NBA MatrixlNaI). 
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FigUre 9.23. 
LSIMS-MSIMS Spectrum of PMMA 2010, fM+Nar mJz 2025.1 
(NBA MatrWNaI). 
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Figure 9.24. 
LSIMS-MSIMS Spectrum of PMMA 2010, [M+Nar mlz 2526.0 
(NBA MatrWNaI). 
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Scheme 9.1. 
110 
em Fragmentation Pathways of the Sodiated D-mer of PMMA 2010. 
The origin of ions with mJz ratio 110 + l00n is from chain scission with har 
retention (Na+) on one side of the polymer. The ions ofmlz ratio 124 lOOn rna 
generated by cleavage and charge retention on either end of th polymer bac n . 
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Initial random scission of the polymer backbone followed by depolymerisation of the 
fragment ion generated to give the ions observed in the CID spectra is one poSSIble 
pathway for the origin of the abundant fragment ions at low m/z ratios. This pathway 
is analogous to that proposed by Craig et aI. [27] for the decomposition of polystyrene 
by means ofCID. The loss of monomer units from the fragment ions formed by initial 
cleavage is presumed to be close to a thermo neutral process in this mechanism [27]. 
The site of homolytic cleavage was proposed by Lattimer, however, to be at, or near, 
the chain ends for polyglycols [22]. 
These ions are radical cations and may possibly be distonic ions with the radical 
situated on the polymer backbone. Ions of this type were observed in the CID spectra 
of alkali metal cationated polyglycols by Lattimer [22]. Furthermore, radical cations 
were also found at low m/z ratios in the CID spectra of fatty alcohols [28] and fatty 
acids [29]. The proposed structures of the two main series of fragment ions that are 
observed at low m/z ratios are shown in Figure 9.25. The m/z 124 fragment ion is 
most probably that shown in Figure 9.25(a) as a tertiary carbon is the more stable site 
for the unpaired electron. 
ill3 
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Na!---o=L 
I Ca) DJJz 114) I (b) mJz 124) I (e) DJlz 1101 
Figure 9.25, 
ne Propoaed Structura ormlz 114 and mlz 110 Fragment Ion. Obaerved ia the 
em Spectra orPMMA 2010. 
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Odd electron fragment ions are also generated by loss of methanol and carbon 
monoxide from the m/z 224 and 324 products. A mechanism to account for this 
process is shown in Scheme 9.2. 
Scheme 9.2. 
The Propoled Mechanism of Generation of mJz 164. 
Al,4-hydrogen rearrangement from the methyl side chain of the m/z 224 fragment ion 
generates the m/z 164 ion with concurrent expulsion of carbon monoxide and 
methanol. Observation of a fragment ion at [M+Na-60r gives credence to this 
meclwlism where carbon monoxide and methanol are expelled concurrently with 
homolytic cleavage of the polymer backbone. 
AU fragment ions observed in the CID spectra of PMMA 2010 retain the cation (Na +). 
The sodium ion is presumed to be bound to the carbonyl oxygen of one of the ester 
groups of the side chains of PMMA. The presence of the cation, Na +, in the precursor 
ion is indicated by the fragment ion at m/z 23 . 
Four series of ions are observed in the region of the spectra between m/z 500 and the 
precursor ion as shown in the expanded region of the CID spectrum of mJz 1825.7 
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(Figure 9.26). These series of even electron fragment ions have odd mlz ratios and are 
separated by 100 Da, the mass of the repeat unit of the polymer. The m/z ratios at 
which these ions appear are given in Table 9.7. 
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Figure 9.26. 
Expanded Region (mlz 600-1800) of the LSIMS-MSIMS Spectrum ofPMMA 
2010, (M+Nar mlz 1825.' (NBA MatrWNaI). 
Series mIz Ratio 
A lOOn + 9 
B lOOn + 23 
C lOOn + 65 
D lOOn + 79 
Table 9.'. 
The mJz Ratio. of the A-D Series Observed in the MSIMS Spectra or fM+Nar 
100. from PMMA 2010. 
244 
Chapter 9: MALDI-MS and LSlMS-MSIMS of Polymers 
All four ~ A-D, are generated by rearrangement processes. These fragment ions 
again all retain the cation. The low abundance of the ions generated by rearrangement 
processes in comparison to that of ions formed by direct cleavages indicates the 
prevalence of the latter types of processes under high energy em conditions. This is 
due to the high internal energy uptake on collision and the fast time frame of 
dissociation. 
The A and B series of ions are observed at rn/z 109 + lOOn and 123 + lOOn 
respectively and are both proposed to be generated by 1,5-hydrogen rearrangements 
between two methylene carbons of the polymer backbone. A fragment ion with an 
unsaturated end group is formed with loss of a methylmethacrylate monomer unit and 
part of the main chain of the polymer, as shown in Schemes 9.3 and 9.4. 
Scheme 9,3. 
Propoaed Mechaoum for Generation of the A Series from P 1010. 
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Scheme 9.4. 
Proposed Mechanism for Generation of the B Series from PMMA 2010. 
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Scheme 9.5. 
AD AltemativeMedlanism for Generation of the A Series from P 2010. 
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Another possible mechanism for generation of the A and B series involves a 
I,S-hydrogen rearrangement from a methyl carbon of a side-cbain to a methylene 
carbon of the polymer backbone. An example of this mechanism for the A series is 
shown in Scheme 9. S. The fragment ion generated has a structure different from that 
shown in Scheme 9.3. The unsaturated group is situated between a methylene carbon 
of a side-chain and a tertiary carbon of the polymer backbone at an end of the chain of 
the fragment ion. 
Loss of carbon dioxide, prior to a similar I,S-hydrogen rearrangement to that proposed 
for generation of the A and B series, accounts for the formation of the C and D series 
observed in the CID spectra of PMMA The proposed mechanism for the loss of 
carbon dioxide from a methacrylate side-chain is shown in Scheme 9.6. 
Scheme 9.6, 
Proposed Mechanism for Loll of Carbon Dioxide from the Methacrylate 
Side-chains of PMMA 2010. 
All of the series of ions generated by rearrangement processes are also observed in the 
LSIMS spectrum of PMMA 2010 (Figure 9.17). These series of fragment ions must 
also be 8enerated by chain scission as they are more abundant at lower mlz ratio . The 
ions 8enerated by direct cleavages of the polymer are also observed in Figure 9. 17. 
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The observation of facile chain scission from the [M+Nar precursor ions fonned by 
LSIMS is inconsistent with that from MIr ions generated by field desorption [30]. 
CID of Mlf ions generated predominantly fragment ions where a part or the whole of 
the side chains of the polymer had been lost [30]. The fragment ions observed were 
hence seen mainly at high mlz ratios. No multiple losses of side chains were observed 
in the LSIMS-CID spectra. One possible explanation for this phenomenon is that MIr 
ions generated by FD are cyclic in structure and hence two cleavages of the polymer 
backbone would be required for depolymerisation type reactions to occur. This would 
be a much higher energy process than losses of part or whole of the side chains and 
would explain the predominance of high rn/z fragment ions in the CID spectra of Mlf 
ions. The [M+Naf ions that are generated by LSIMS are almost certainly linear in 
structure and chain scission to form fragment ions is therefore more facile. Cyclic 
peptide ions have been proposed to be generated by means of FD ionisation while 
linear species were formed by means of LSIMS [31]. The observation of only single 
side chain losses from [M+Nar precursor ions indicates that these losses may occur 
predominantly from the end groups of the polymer. 
The CID spectrum of the natriated IS-mer, [M+Nar rn/z 1673.8, of PEGFC9.5 is 
shown in Figure 9.27. The signal-to-noise ratio is very low in comparison to that 
observed for PMMA 2010 as a consequence of the low abundance of the former 
precursor 10D. The fragment ions observed at low rn/z ratios aid end group 
identification of the polymer, however, and the fragmentation pathways of the polymer 
adduct are shown in Scheme 9.7. 
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Figure 9.27. 
LSIMS-MS/MS Spectrum of PEGFC9.5, [M+Nar mJz 1673.8 
(NBA MatrixINaI). 
310 210 110 
Scheme 9.7. 
em Fragmentation Pathways of the Sodiated IS-mer of PEGFC9.5. 
Ions are observed at mJz 110 + lOOn an 172 + lOOn, differing in mlz ratio by the mass 
of the polymer repeat unit. The fragment ions in these two series are generated from 
cleavages adjacent to a tertiary carbon and hence ha e a structure with the unpaired 
9 
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electrOD formally sited on the tertiary carbon. These fragment ions observed at low 
m/z ratios are analogous to those seen in the em spectra from PMMA 2010. No 
fragment ions are observed that result from cleavages adjacent to the methylene 
carbon, with structure analogous to that of the m/z lOOn + 124 ions shown in Figure 
9.25(b) with the site of the unpaired electron being a primary carbon. This indicates 
that the fragment ions observed at m/z 124 + lOOn for PMMA 2010 are generated by 
homolytic chain scission to form a fragment ion with a structure shown in Figure 
9.25(a). 
Ion peaks of low intensity are observed in the central portion of the spectrum that are 
generated by hydrogen rearrangements. These ions have m/z ratios of 109 + lOOn and 
171 + lOOn. The proposed mechanisms for the generation of these ions are shown in 
Schemes 9.8 and 9.9 respectively. A 1,5-hydrogen rearrangement generates the 
fragment ions with an alkene end group. 
1M 109 + lOOn I 
Scheme 9,8. 
Proposed Mechaaism for GeDeratioD of mJz 109 + looD Fragmeot IODl Observed 
ill tile em Spectra from [M+Nar IODS of PEGFC9.S. 
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! 
I mIz 171 + lOOn I 
Scheme 9.9. 
Proposed Mechanism for Generation ofmlz 171 + lOOn Fragment Ionl Observed 
in the em Spectra from [M+Nat IonJ of PEGFC9.S. 
These fragment ions are generated by mechanisms that are analogous to those for the 
A and B series ofPMMA 2010 (Scheme 9.3, 9.4 and 9.5) 
Only one fragment ion is observed which is formed with loss of part of a side chain of 
the polymer. This ion appears at mlz 1613 and is generated with liberation of 
methanol and carbon monoxide from the precursor ion by a mechanism similar to that 
proposed in Scheme 9.2 for decompositions ofPMMA 2010. 
9.5.{i;) LSIMS-MSIMS of Polystyrene. The em spectrum of the [M+Agr ion of 
polystyrene 1700, m/z 1621.7, is shown in Figure 9.28. This precursor ion contains 
the cation of the isotope of silver with RMM 107. The fragment ions observed in the 
spectrum are predominantly adducts with silver except for three ions at low m/z ratio . 
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These three ion peaks were also seen at high intensity in the cm spectra of ~ ions 
generated by FD ionisation (Chapter 10) [27]. These ions appear at m/z 91, 161 and 
193 and their possible structures will be discussed in Chapter 100 The observation of 
these ions indicates that the silver ion is less tightly bound to polystyrene than sodium 
ions are to PMMA as all fragment ions in the cm spectra of the latter polymer retain 
the cation. Weaker binding of cations with higher RMM is also observed for adducts 
ofmeta1s with peptides [32]. 
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FigUre 9.28, 
LSIMS-MSIMS Spectrum orpolystyreoe 1700, (M+Ag)+ mh. 1611.7 
(NBA MatrWSilver Trifluoroacetate). 
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Five other ions at low mJz ratios are silver adducts of ions that are observed in the em 
spectra of~ ions and are observed at mJz 198, 211, 268, 302 and 372 in Figure 9.28. 
The respective fragment ions observed in the em spectra from the [M + Agf precursor 
ion have a mJz ratio which is 107 Da higher, corresponding to the addition of the Ie.; Ag 
isotope. Adduct ions containing silver are observed at much higher intensity when 
more than one phenyl ring is present in the structure. It is therefore a possibility that 
the silver ion is bound to two phenyl rings which would explain the pronounced 
increase in intensity of the silver adduct fragment ions containing two rings. 
Two series of ions are also observed in the central region of the spectru~ between 
approximately mJz 400 and the precursor ion, which are separated by the repeat unit of 
polystyrene, namely 104 Da. These ions have mJz ratios which correspond to the 
silver adducts of the a. and J3 series of fragment ions observed in the MIKES spectrum 
arising from the unimolecular decomposition of molecular ions of polystyrene [27,33]. 
The a+Ag and J3+Ag series offragment ions have mJz ratios of l04n + 107 and l04n + 
70 + 1 07 respectively, where 107 is the relative atomic mass of silver. The proposed 
mechanisms by which the a.+Ag and J3+Ag series are generated are shown in Schemes 
9. 10 and 9. 11 respectively. 
Both mechanisms involve energetically favourable six membered intermediates and 
1,5-hydrogen rearrangements to produce adduct ions of alkene terminated fragments 
with silver. The neutrals lost in generation of the 0.+ Ag and P+ Ag series were 
observed as ions in the MIKES spectrum arising from the unimolecular decomposition 
when the charge was retained on the side of the polymer backbone to other than that 
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HP=f-CH,-<r-CH,-r~ A,: 
Ph Ph Ph 
a.Seria 
mlz 1040 + 107 
Scheme 9,10, 
Propoaed Mechanism or Generation or the a+Ag Series rrom the em Spectrum 
or Polystyrene 1700. 
1 
P Selia 
1040 + 70 + 107 
Scheme 9.11. 
Propoaed Mecbaailm or GeaeratioD or the P+Ag Series rrom the em Spectru 
or Polystyrene 1700. 
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required for formation of the a and p series [27]. Furthermore, these ions were 
observed at higher abundance than that of the a and J3 series in the MIKES spectrum 
arising from the unimoleC1dar decomposition. These other two series were not 
observed in the eID spectra of [M+ Agr series which indicate the stability of fragment 
ions with alkene end groups under these conditions. This stability may be a 
consequence of delocalisation of electrons in the silver adduct fragment ions which 
would aid binding of the Ag+ to the polymer fragment. 
'.6. Summary. 
A variety of synthetic polym~ differing in both average mass and end group, have 
been analysed by MALDI-MS. The mass accuracy of the peaks generated by MALDI 
is improved approximately 2-3 times when spectra are obtained in ref1ectron rather 
than linear mode. Standard sample preparation techniques for polystyrene and PMMA 
polymers with low average mass have been detennined. 
LSIMS mass spectra of polymers do not generally give good mass envelopes but the 
ions generated can be selected for MS/MS experiments. Fragment ions are generated 
in MSIMS spectra that aid end group identification of polymers. Series of fragment 
ions are often fonned, the product ion peak masses differing by the mass of the 
monomer unit of the polymer. Fragment ions of low mass dominate the MSIMS 
spectra. Mechanisms have been proposed to account for the rear:angement processes 
that occur. Fragment ions with unsaturated chain ends are preferentially generated by 
rearrangement processes. 
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CHAPTER 10. 
FIELD DESORPTION OR PYROLYSIS-FIELD 
IONISATION COMBINED WITH TANDEM MASS 
SPECTROMETRY FOR THE ANALYSIS OF 
POLYMERIC MATERIALS. 
Chapter 10: FD and Pyrolysis-FI-MSIMS oj Polymers 
10.1. Introduction. 
Field desorption (FD) ionisation has been used for many polymeric systems to generate 
accurate mass envelopes of intact oligomers [1,2,3], including polystyrene 
[4,5,6,7,8,9]. Few papers have been published on collision induced dissociation (CID) 
of polymeric precursor ions generated by FD [10] due to the relatively low ion currents 
generated by this ionisation technique. The high energy band pass of the second mass 
spectrometer of the ZAB-T enables fragment ions spectra to be acquired from 
precursor ions with inherently low ion currents such as those generated by FD. The 
application of FD-MSIMS by means of this instrument to aid structural elucidation and 
end group determination of oligomers from polymers based on polystyrene is described 
in this chapter. 
The thermal degradation or pyrolysis (py) of synthetic polymers is widely used as a 
method of obtaining information on their structures. When this is combined with field 
ionisation (FI), a soft ionisation technique that produces mainly ions of the type Ml-f 
or ~, py-FIlMS allows one to obtain molecular ions of the pyrolyzates formed [11] 
and therefore gives information on the molecular weight distribution of these polymer 
fragments. In the present work, py-FI-MS has been employed to analyse a 
polypropylene sample and the spectra obtained have been compared to that of Lattimer 
[12]. Furthermore, structural information on the pyrolyzates observed was generated 
by means of py-FI-MSIMS. The fragment ion peaks observed are discussed in relation 
to the proposed structures of the pyrolyzates of polypropylene [12]. 
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The addition of high molecular weight, oligomeric, organic polymer additives is 
becoming more common in many polymeric materials. The analysis of these mixtures 
of additives by means of mass spectrometry is limited to desorption techniques as a 
consequence of the inherent involatility of the systems. It was previously suggested 
that the most suitable ionisation technique for analysing these types of additives is FD 
[12]. Molecular ions are predominantly generated by FD ionisation with little 
fragmentation induced and tandem mass spectrometry must be employed to obtain 
structural information. FD-MS/MS has therefore also been applied to the structural 
determination of polymer additives from the five component mixture described in 
chapter 7 (Figure 7.1) as a preliminary investigation into the suitability of this 
technique for the analysis of oligomeric polymer additives. 
Polystyrene 1700 was the sample used in these experiments. The structure of this 
polymer is shown in Figure 10.1. 
H 
Figure 10.1. 
The Structure or Polystyrene 1700, Including Tm-Butyl 
aDd Hydrogen End GrouP" 
The end groups of the polymer are a tert-butyl group and hydrogen atOID. The 
fragment ions observed in the FD-MSIMS spectra of polystyrene 1700 are diSOJssed 
with relevance to the mechanisms offragrnentation proposed by Craig d &1. [10]. 
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A novel solid product was obtained when 2,3,5,6-tetrafluor0-4-hydroxystyreoe was 
poIymerised. The polymer fonned was presumed to have the structure given in Figure 
10.2. 
Figure 10.2. 
The Propoted Structure or Polymerised 2,3,5,6-Tetrafluo....t-hydroxy.tyreae. 
This proposed structure is a modification of the structure for poly~ene. These types 
of modifications have been shown to give polymers with many different properties 
[13]. In the present work, FD-MS was employed to generate molecular weight 
information for the polymer and structural detennination was aided by FD-MSIMS 
experiments. 
10.2. ExperimentaL 
J 0.2. (i) Sample Preparation. A solution of polystyrene 1700 in acetone was placed 
on the emitter and the solvent allowed to evaporate. One droplet of solution from a 
syringe was used to get an even coating of polymer on the emitter. Similar emitter 
coating techniques were employed for poly(TFHS) in THF. Finely ground 
polypropylene pellets were deposited in the quartz crucible of a direct insertion probe 
for py-FI experiments. An equimolar mixture (10 nmol ~.I) ofTinuvin 327, lrgano 
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1076, Irganox 3114, Hostanox 03 and Irganox 1010 was employed for analysis of 
polymer additives. 
10.2.(;;) Mass spectrometry. All analyses were performed by means of the ZAB-T 
tandem mass spectrometer. A heating current of 0-2.5 A was employed to generate 
pyrolyzates of polypropylene in py-FI experiments. Selection of precursor ions, 
generated by FD, in tandem mass spectrometry experiments was perfonned by careful 
noting of emitter currents with their appearance in the mass spectra. The emitter 
current values were used to enable one to produce the highest possible ion currents for 
ern of the ion of interest. The emitter was 'flashed' at 60 rnA, to remove absorbed 
species, during the inter-scan period of 2 s in py-FI-MS experiments. The 
temperature of desorption was noted and this value was employed to generate the 
most intense precursor ion signals for py-FI-MSIMS experiments. The collision gas 
employed in MSIMS experiments was argon with a primary ion beam reduction of 
approximately 80010. The electrical potential applied to the microchannel plates of the 
photodiode array detector was 1.75 kV except where stated. 
10.3. FD aod Pyrolysis-FI-MS or Polymen, 
10.3(i) FD-MS of Polystyrene 1700. The FD mass spectrum of polystyrene 1700 is 
shown in Figure 10.3. It shows a distribution of intact singly clw'ged oligomers, with 
a maximum at approximately mlz 1550. The peak maximum falls at approximately 
two oligomers lower than that observed by MALDI-MS (Figures 9.13 and 9.14). 
Furthermore the ions observed in the MALDI-MS spectrum were the silver adducts , 
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[M+Asf but radical cations (Mj are the dominant species in the FD-MS spectrum 
(Figure 10.3). There is also a distribution of peaks of lower intensity which 
corresponds to doubly charged species of intact polystyrene oligomers. No multiply 
charged species were observed by means of MALDI-MS (Chapter 9). Rollins et al. 
noted that distributions ions with up to six charges were present in the FD mass 
spectra of polystyrenes of high average molar mass [9]. The generation of~, ~, 
~ and higher charge states of polystyrene has been proposed to occur via the ion 
evaporation mechanism [10]. The charge results from electron deficiency at the 
surface which is generated by the electric field [ 14]. This field also encourages 
evaporation of the charged species to form gas phase ions [14,15]. 
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Figure 10.3, 
Partial FD-MS Spectrum of Polystyrene 1700. 
Singly clw"ged ions are observed in Figure 10.3 corresponding to molecular ions 
of the 6-mer (m/z 683) to the 28-mer (mlz 2973). The most intense isotope peak 
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(K..) of the molecular ions may be calculated by employing the formula derived by 
Matsuo et a1. [5] which is shown in Equation 10.1. 
K.a = 0.01108 i + 0.007825 j (Equation 10. 1) 
The 0.01108 factor accommodates the natural abundances of llC and the 0.007825 
factor corrects for the natural isotopes of hydrogen. The data derived from this 
equation agree with the experimental values observed in the FD mass spectrum of 
polystyrene 1700 (Figure 10.3). 
10.3(;;) FD-MS of Poly(2,3,5,6-tetrafluor0-4-hydrorystyrene). The FD mass 
spectrum of poly(2,3,5,6-tetratluor0-4-hydroxystyrene) (poly(TFHS» (Figure 10.4) 
indicates that the degree of polymerisation is approximately 10. This is similar to data 
generated by GPC and other mass spectrometric techniques [16]. 
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Figure 10,4, 
FD-MS Spectrum or Poly(2,3,S,6-tetranuo~bydroIJltyreDe). 
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The oligomers were desorbed from the emitter at heating currents of approximately 
30-60 mA. MoJecular ions (M) are observed for oligomers with rrJz 384-1921 (n = 
2-10) with a maximum at mlz 576 (n = 3). A peak of low intensity is observed at mJz 
192 which is the RMM of the monomer, 2,3,5,6-tetrafiuor0-4-hydroxystyrene. A low 
abundance ion at m/z 72 corresponds to the solvent, THF. The m/z ratio of the 
oligomers is consistent with poly(TFHS) having a cyclic structure. Negligible 
fragmentation is observed in the spectrum as expected by FD-MS as a consequence of 
the low internal energy deposition during the ionisation process [17]. Tandem mass 
spectrometry was employed to obtain structural information for the polymer (Section 
10.4). 
10.3(iii) Pyrolysis-FI-MS of Polypropylene. The py-FI spectrum of polypropylene 
acquired over a temperature range of 350-450 °C is shown in Figure 10.5. This 
spectrum differs from that obtained by Lattimer [12] in that ions of pyrolyzates are 
observed at every carbon number in Figure 10.5 up to approximately rrJz 2500. The 
spectrum generated by Lattimer was dominated by ions below mJz 1000 [12]. This 
phenomenon could be a consequence of the lower efficiency of the pyrolysis processes 
in the quartz tube of the direct insertion probe of the ZAB-T, where pyrolyzates are 
generated in vacuo. 
Two main series of ions are observed in Figure 10.5 which were termed the A and E 
series by Lattimer [12]. The proposed structures of the A series of ions are shown in 
Figure 10.6. 
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Figure 10.5. 
PyroIYlis-FI-MS Spectrum of Polypropylene. 
Structure I 
H,C=CH-tCH, -r~CH~ t 
01) 
Figure 10.6. 
Structures of the A Series of Ions from Pyrolysis-FI-MS of Polypropyleae. 
This series, which wu only observed at low intensities above mlz 500 by Lattimer 
[12], is the domirwtt series in Figure 10.5 to greater than mlz 2000. The E w 
observed at • much higher intensity than the A series in the spectrum of Lattimer [12] 
but is always of weaker intensity than the adjacent ions of the A series in Figure 10.5. 
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It is well accepted that the thermal decomposition of polypropylene occurs via a free 
radical process [18,19,20,21,22,23,24,25,26,27,28]. The polypropylene chain is 
initially cleaved to form a primary radical (-C~O) and a secondary radical (-OCH-CHJ. 
These radicals may decompose via ~-scission or undergo rearrangements to generate 
new radical species. A common rearrangement process occurs by hydrogen transfer to 
produce predominantly tertiary radicals and is termed 'backbiting'. 
'Backbiting' is presumed to occur preferentially via six-membered ring intermediates, as 
shown in Scheme 10.1. 
'backbiting' 
.. 
Scheme 10.1. 
'Backbiting' Processes via a Six-Membered Ring Intermediate. 
A 1,5-hydrogen transfer from a methine hydrogen to a secondary radical generates a 
pyrolyzate with a tertiary radical and a saturated end group. Transfer of a methine 
hydrogen is much more favoured than that of a methylene hydrogen due to the extra 
stability of the tertiary radical generated. Furthermore, the backbiting process may 
occur many times so that the site of the radical is distanced from the end of the chain. 
The various proposed pathways of formation for ions of the A series are shown in 
Scheme 10.2 (12]. 
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or 
"----1 +11" 
Scheme 10.2. 
Pyrolysis Pathways of Polypropylene Generating Ions of the A Series. 
All mechanisms involve initial generation of primary or secondary radical species which 
rearrange to fonn tertiary radicals by backbiting processes [12]. Subsequent p-scission 
produces the ions of the A series shown in Scheme 10.2(a) [12]. The tertiary radical 
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with an unsaturated group, which is an intermediate in the generation of ions of the A 
series in Scheme 10.2(c), is generated from the tertiary radical shown in 10.2{a) via 
tl-1Cission. The unsaturated tertiary radical which is an intermediate in the process 
shown in Scheme 10.2(c) is also involved in the generation of ions from the E series. 
These ions have doubly unsaturated end groups as shown in Table 10.1. Furthermore
y 
hydrogen abstraction subsequent to J3-scission was proposed to be the mechanism for 
two possible pathways for generation of ions of the A series (Scheme 10. 2(b) and (c» 
[12]. These processes generate ions which have the same rnIz ratios but differ in 
structure (Figure 10.6). 
Four other series of ions of low intensity are observed at intensities lower than that of 
the A and E series and are termed the B, C, D, and F series [12]. Their RM:M and 
proposed structures are shown in Table 10.1. 
Series RMM Proposed Structure 
B 42(0+1) + 14 H1C=~-fCH1- yH+'-CH) 
H)C CH) 
C 42(0+1) + 28 
H)C- CH= CH-f <fH-CH21;CH) 
CH) 
D 42(0+1) + 30 
H)C- CH1-CH1-t~H-CH2'1;CHl 
CH1 
H2C=C-fCH1- CH1;;-CH2-cr=-CH1 E 42("'1) + 12 I I H)C CHJ CH) 
F 42(0+1) + 40 
H1C=CH-fCH2- YH-t.;-CH1-'f- CH1 
CH) CH) 
Table 10.1, 
Proposed Structures and RM.M of Pyrolyzates of Pol)'propyleoe Observed iD the 
Py-FI Mass Spectrum. 
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The B, C and D series are observed as ions from pyrolyzates at low mJz ratios whereas 
ions of the F series are only seen at greater than m/z 400. The E and F series are both 
doubly unsaturated pyrolyzates that are observed only at higher m/z ratios and are 
generated from singly unsaturated tertiary radicals. Furthermore, it was noted that 
ions of the E and F series are observed only at lower heating temperatures and that the 
py-FI experiment was able to detect these ions due to the soft ionisation by FL the 
in-source sample heating and the short distance between the pyrolysis crucible and the 
point of ionisation at the field emitter [12]. These higher RMM pyrolyzates were not 
observed in earlier polypropylene pyrolysis studies [15,16,17,18,19,20,21,22,23,24, 
25]. 
10.4. FD and Pyrolysis-FI-MS/MS of Polymers. 
10.4(;) FD-MSIMS of Polystyrene 1700. The eID spectrum of the II-mer from 
polystyrene, m/z 1203, is shown in Figure 10.7. The emitter current required for 
desorption of the oligomer was 38-40 rnA This anode temperature generated intense 
and stable molecular ions for the II-mer. Furthermore, occasional sparks in the source 
generated increased ion signals from the precursor ion and hence improved fragment 
ion abundances also. Approximately 30 scans were summed to generate the spectrum 
shown in Figure 10.7. The CID spectrum of the m/z 1307 oligomer of polystyrene 
1700 (Figure 10.8), obtained at emitter heating currents of 40-42 rnA, is very similar to 
that of the m/z 1203 oligomer. 
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Two of the fragment ions, at m/z 91 and m/z 161, aid the confirmation of the end 
groups of the polymer (see Figure 10.9). 
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Figure 10.9. 
Frapuentation Pathway. or Polystyrene 1700 Aiding End Group Determiaatioa. 
Each of these fragment ions is fonned by homolytic cleavage of a carbon-carbon bond 
in the backbone of the polymer, p-cleavage to the phenyl ring. The product ion at mlz 
91 is presumed to be a tropylium ion, C;I, +, the structure of which is well documented 
in the literature [29,30]. 
Another fragment ion is observed at m/z 195 which is 104 Da greater tlwt the mlz 91 
ion. This difference is the mass of the repeat unit of the polymer and therefore it is 
probable that these fragment ions differ in structure by a styrene unit. Furthermore, 
other fragment ions are observed which differ by the repeat unit of the polymer. The 
mlz ratios of these ions and their proposed structures are given in Table 10.2. Tbeae 
ions were labelled the C, D, E and F series by Craig et aI. [10]. 
The C and D series include the m/z 91, 195 and 161 fragment ions., the generation of 
which is described above. The E series was proposed to be generated by 10 of 
benzene from ions of the C series [10]. The expulsion of benzene is probably by I 
1,3-bydrogen rearrangement from I methylene carbon of the polymer backbone to the 
tertiary carbon of the phenyl ring. 
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Observed 
Series RMM Fragment Ions Proposed Structure 
(m/z) 
C l04n + 91 91, 195 OCH'Ol+ 
D l04n + 57 
~.-(CHI-HC>:l + 
161 6 
E 
(HC-CHI);CH-cH-C~l + 
l04n + 13 117, 221, 325 60 
{H<;-CH.jJ ! 
F l04n 104,208 6" 
Table 10.1. 
Structures and RMM of the C, D, E and F Series of Fragment Ion. Observed in 
Product Ion Spectra of Polystyrene. 
The fragment ions observed in CID spectra of polystyrene were proposed to be 
generated by initial random chain scission followed by depolymerisation reactiooa [10]. 
Depolymerisation reactions involve the expulsion of styrene units from the initially 
generated fragments of the precursor ion. These reactions were proposed to be an 
approximately thermo neutral process and hence go to near completio~ which explains 
the predominance of fragment ions at low rn/z ratios. Furthermor~ the generation of 
fragment ions at m/z 104 and 208 (F series, Table 10.2) may be rationalised by charge 
retention at these fragments during depolymerisation reactions. 
The fragment ions generated are predominantly observed at less than m/z 300. This 
phenomenon is similar to that observed by Craig et aI. [10] in the MIKES-CID spectra 
from radical cation precursor ions of polystyrene oligomers. Collision induced 
dissociation of polystyrene ion was proposed to occur via multiple consecutive 
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reactiona [10]. This mecbanism is different from that which was pToposed by l.attjmer 
[31] for em of polyglycola in which the preference for cleavage was near chain ends. 
No explanation was given, however, for this preference. 
The lack of fragment ions at m/z above 500 from polymers in CID experiments from 
~ precursor ions is different to that observed from cationated species (Chapter 9). 
The fragment ions in em spectra observed from cationated precursor ions [M+Agf of 
polystyrene result from both random initial chain scission followed by depolymerisation 
and by rearrangement processes. The rearrangement reactions are similar to those 
proposed for the unimolecular dissociation of polystyrene radical cations [32]. 
10.4(;;) FD-MSIMS of Poly(2,3,5,6-tetrajluor0-4-hydrorystyrene). The product ion 
spectrum of the m/z 576 oligomer (n = 3) ofpoly(TFHS) is shown in Figure 10.10. 
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Figure 10.10, 
FD-MSIMS Spectrum or Poly(2,3.s,6-tetranuo~bydroxy.tyrue), ~ rah. 576. 
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The emitter currents employed were 35-38 rnA. Abundant fragment ions are observed 
at mlz 179, 191, 193, 369 and 383. This series of fragment ions is DOt consistent with 
the polymer having the cyclic structure originally proposed. A linear structure with 
either • ketone or styreoyl end group is consistent with the fragmentation pathways 
observed. It is unlikely that poly(TFHS) contains a styrenyl end group, however, as 
the polymer is formed by coupling reactions between chain radicals [33]. A more 
probable structure for the mlz 576 oligomer with a ketone end group is shown in 
Scheme 10.3 with the proposed fragmentation pathways. 
1'79 193 369 191 
-, ., r- r-, , , , 
, , , I 
~-t-rn2-t-<l1~-OI 
I I • • 
, 
.. -
313 
F F 
OH OH 
Scheme 10.3. 
Propoaed Structure and Fragmentation Pathway. of the mJz 576 (0 - 3) 
Oligomer of Poly(TFHS). 
The ketone end group is also consistent with data generated by means of NMR which 
suggested that an a1kenyl group is present in solution. The presence of the ketone end 
group may also be • factor in limiting the degree of polymerisation [33] and hence 
explain the low average molecular weight of the polymer which is observed by GPC 
and mass spectrometry. The intensity of the mlz 179 and 369 fragment iooa may be a 
consequence of the stability of the species generated by cleavage p to the tub . tuted 
benzene ring. The most abundant ions in the em spectra generated from molecular 
ions of polystyrene also occur via cleavage p to the benzene ring. There w e DO 
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observed losses of 2,3,5,6-tetrafluoropbenol from fragment ions of poIy(TFHS) 
however, which would be analogous to the loss of benzene from product ions of 
polystyrene. This may be a consequence of the greater steric hinderance to hydrogen 
rearrangements, which are required for the loss of benzene from polystyrene, in 
poIy(TFHS). All fragment ions may be generated by chain scission and/or initial 
cleavage further along the backbone of the polymer followed by depolymerisation 
reactions, u proposed for the fragmentation of polystyrene by means of em [10]. 
The mlz 179, 193, 369 and 383 fragment ions are also observed in the product ion 
spectrum from the mlz 1152 oligomer (n = 6) ofpoly(TFHS), generated at an emitter 
heating current of 42-45 rnA (Figure 10.11). These fragment ions are consistent with a 
general structure for the polymer which is shown in Figure 10.12 . 
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Figure 10.12. 
The proposed Structure or Poly('I'FHS). 
The dominant fragment ions were observed at low mlz ratios. This pbeoomeoon is 
similar to that seen in produd ion spectra of polystyrene. This indicates that 
fragmentation pathways either involve initial random cleavage of the polymer 
backbone followed by depolymerisation [10] or scission near to chain ends [31]. 
The low intensity of fragment ion peaks observed in the spectrum from the mlz 1152 
oligomer is a consequence of the low abundance of the precursor ion, u seen in the 
FD mass spectrum (Figure 10.4). The noise level is high in the product ion spectrum 
of m/z 1152 under the conditions employed for these experiments. The obaerved 
intensity of the fragment ion peaks at the array detector may have been improved by 
increasing the electrical potential between the microchannel plates of the photodiode 
array detector. Furthermore, the detection efficiency may also have been improved by 
increasing the angle of the microchannel plates to the incoming ion beam with a 
concurrent reduction in the resolution obtainable. 
JO.4(iiiJ PyroIysis-FJ-MSIMS of Polypropylene. It would be expected from the 
pyrolysis fragmentation pathways proposed by Lattimer that the fragment ion spcctrurn 
of an ion from a pyrolyzate of the A series of polypropylene would indicate the 
278 
Chapter 10: FD and Pyrolysis-FI-MSIMS of Polymers 
presence of two different structures for these ions. The CID spectrum of the rrJz 756 
pyrolyzate of the A series of polypropylene is shown in Figure 10. 13 . 
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Fi&yB 10.13. 
Pyrolysis-FI-MSIMS Spectrum of Polypropylene, ~ mJz 756 of the A Series. 
A poor signal-to-noise ratio is observed in the fragment ion spectrum as a consequence 
of the low ion currents generated from pyrolyzates of polypropylene. Approximately 
30 scans were summed to obtain the spectrum shown in Figure 10.13. The fragment 
ions observed are consistent with the two proposed structures for the A series as 
shown in Scheme 10.4, which also shows the dissociation pathways of the pyrolyzates 
subsequent to collisional activation. 
Various series of ions are observed in the fragment ion spectrum that differ in mlz 
ratios by a polypropylene monomer unit. All fragment ions observed in the crn 
spectrum are generated by simple cleavage of the backbone of the pyrolyzate. 
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preference for generation of fragment ions with alkene end groups is observed 
(Scheme 10.4). 
Scheme 10.4. 
DiaociatioD Pathway. of 1001 from the A Series from Pyrolylil-FI-MS/MS of 
Polypropyleoe. 
The fragment ions are again observed predominantly at low mlz ratios. This indicates 
that to generate the fragment ions that are seen in the spectrum, the cleavage of 
pyrolyzates either occurs near chain ends [31] or that random chain scission is 
followed by depolymerisation [10]. 
10.4(d) FD-MSIMS of Polymer Additives. The FD-MSIMS spectra of the molecular 
ions ~ of Irganox 1076 (Figure 10.14) and Irganox 1010 (Figure 10. 15), from an 
equimolar mixture of polymer additiv~ are similar to those generated by means of 
LSIMS-MSIMS (see Chapter 7.3). The characteristic fragment ions observed in the 
LSIMS-MSIMS spectra from Irganox compounds, such as the ions appearing at mlz 
219 and 203, are also found in the FD-MSIMS spectra. These ions aid confirmation of 
the structure of the polymer additive selected. The signal-to-noise ratio is lower, 
however, in the FD-MSIMS spectra when compared to that observed in the respective 
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LSIMS-MSIMS spectra. Furthermore, some of the less abundant fragment ions seen 
in the LSIMS-product ion spectra are not observed in the respective FD spectra. 
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The fragment ions were observed only in the FD-MSIMS spectra from the equimolar 
mixture of polymer additives when the electrical potential held between the 
microclwmel plates of the photodiode array detector was increased from the normal 
operating value of 1.75 kV to the maximum of 1.875 kV. The increased acceleration 
of the electrons towards the phosphor screen of the array detector generated a large 
enough increase in detection sensitivity for improved data to be acquired. 
10.5. Summary, 
FD-MS/MS and py-FI-MS/MS has been applied to the structural detennination of both 
intact oligomers and pyrolyzates of polymers. Furthermore, FD-MS/MS has been 
successfully applied to aid structural determination of polymer additives from an 
equimolar mixture. 
The fragment ions were observed at low mlz ratios in eID spectra of polymeric 
oligomers and pyrolyzates. These fragment ions aid end group determination of the 
oligomers and pyrolyzates. Furthermore, the fragment ions observed from eID of a 
pyrolyzate of polypropylene are consistent with the proposed structures for these ions 
[10]. Series of fragment ions were often observed which differed in mlz ratio by the 
mass of the repeat unit of the polymer. 
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Chapler 11: Conclusions and Future ij-Ork 
11.1. SID of Peptides. 
Sequence information was generated by means of SID for four peptides that differed 
only in the residue at the C-terminus. It would be problematical to generate fragment 
ion spectra for polymeric materials from this technique as a consequence of the 
relatively low ion currents that are generally generated for these compounds by FD and 
LSIMS ionisation. The low collection efficiency of fragment ions after collision with 
the surface and ion neutralisation on collision with the surface may account for the low 
fragment ion currents that were observed. Increasing the angle of collision and 
therefore reducing the ion neutralisation may increase the overall efficiency of the SID 
process in the four sector mass spectrometer. Furthermore, employing a liquid 
perfluoropolyether or a surface assembled monolayer surface may also induce higher 
relative fragment ion currents. 
11.2. Comparison of High and Low Energy em of Polymer Additives. 
The MSIMS spectra of the same polymer additive often differ greatly in the high and 
low energy regimes. Low energy spectra are dominated by peaks arising from 
hydrogen rearrangements whereas direct cleavages are more favoured in high energy 
experiments. The fragment ions observed in the high energy MSIMS spectra are often 
characteristic of the type of polymer additive whereas the peaks seen in low energy 
experiments are highly dependent on the collision energy employed. 
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The conclusion drawn from these experiments is that the ideal methodology for the 
mass spectrometric analysis of polymer additives is a FD mass spectrum of the mixture 
and LSIMS-MSIMS of the ions observed. A reasonable quantitative picture is 
generated by means of FD ionisation as there are no matrix effects. LSIMS-Msn..1S 
aids structural elucidation as characteristic fragmentation is often observed in the 
spectra. 
11.3. MALDI or Polymers. 
UV -MALDI spectra of some PMMA and polystyrene standards have been shown to 
give average mass values of these polymers. Molecular ions were observed with no 
fragmentation. Most of the polymers employed, however, had low polydispersity 
values and it is more problematical to generate UV -MALDI spectra when samples of 
high polydispersity are used. This may be a consequence of the inhomogeneity in the 
sample-matrix-salt lattice. Improvements in sample preparation procedures may lead 
to greater reproducibility. Polymers with high polydispersity values may also be more 
fully characterised by means of GPC-MALDI-MS. 
11.4. em or Oligomeric Ions or Polymers. 
MSIMS spectra have been shown to generate end group infonnation and structural 
information of polymers. Fragment ion peaks are generally observed at low rrJz values 
in the CID experiments. Peaks arising from cleavages of the polymer nearer to the 
centre of the polymer backbone are seen when cationated precursors are employed 
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APPENDIXA. 
EI-MS AND LSIMS-MS SPECTRA OF 
POLYMER ADDITIVES. 
Appendix A 
The EI-MS AND LSIMS-MS spectra of Tinuvin 327, Irganox 3114, Hostanox 03 and 
Irganox 1010 are shown below. The conditions used were the same as stated in 
Section 7.2. 
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APPENDIXB. 
CID SPECTRA OF IRGANOX 
COMPOUNDS. 
Appendix B 
The eID spectra of Irganox 1222, Irganox 1024, lrganox 1098 and lrganox 1330 ar 
shown below. These compounds all have the base structure shown in Figure 7.9. Tb 
conditions used were the same as stated in Section 7.2. The characteristic ions at m/z 
219 and 203 (Section 7.4) are observed in the spectra. 
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ELECTROSPRAY-LOW ENERGY COLLISION 
INDUCED DISSOCIATION OF POLYMER 
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Appendix 
Precursor ion spectra of the fragment ions observed in the ESI-MS/MS spectra of 
polymer additives are shown below. The spectra were generated as described in 
Section 8.4. 
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